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Physical cues have been known to exert a considerable influence on cell behavior such as 
multi-cellular dynamics in morphogenesis and epithelial void closure. The developing 
embryo is characterized by several well-defined geometries where physical cues had been 
proposed to play a critical role. Openings or voids in the epithelium can prevent it from 
performing its barrier-forming function effectively and a prompt and efficient mechanism 
to close these voids is crucial. Actomyosin-mediated cell contraction is one of two 
established mechanism in closing epithelial voids and its efficiency is also thought to be 
closely influenced by physical cues.  
 
In this thesis, it is hypothesized that the size, shape and arrangement of individual cells in 
close proximity would regulate cell rearrangement and epithelial void closure and are 
force-mediated. By focusing down to the physical cues exerted on the single cell level, 
physical principles governing the dynamical behavior of these multi-cellular systems may 
be revealed.  To achieve this, simple clusters of micropatterns that can accommodate a 
small but fixed number of cells with possible control of the geometry, adhesion and 
arrangement of individual cells were designed.  
 
To seed a fixed number of cells at precise position on each micropattern cluster is not 
trivial. Random seeding of cells is uncontrolled and relies on chance that cells will be 
seeded in the right positions in the micropattern clusters. Hence, the positioning 
efficiency is low and further decreases as the number of cells required in the clusters 
increases. To improve positioning efficiency, a novel microfluidic platform containing an 
array of sieve-like cell traps was developed to control the positioning of single cells on 
these micropattern clusters. The platform showed a 4-fold improvement in the efficiency 
 VII 
 
of positioning cells on paired micropatterns and a highly significant 40-fold improvement 
for a 6-pattern ring compared to random seeding. 
 
For a deeper understanding of cell movements during morphogenesis, further work needs 
to be done to understand the physical principles that govern cell motility. Using bowtie-
shaped micropatterns, the rotation potential of 2-cell systems under different geometrical 
conditions was characterized. Together with selective inhibition of cell contractility and 
based on previous studies by others, a proposed force-mediated mechanism governing the 
rearrangement of geometrically constrained cell clusters was described. The principles 
revealed in the cell-pair experiments were further verified in a 3-cell model system that is 
closer to in vivo conditions. 
 
To enable actomyosin-mediated epithelial void closure to be examined without 
conflicting signals from cell proliferation and rearrangement, an in vitro experimental 
system using cellular rings comprising only a single row of 4- to 6- cells was introduced. 
Using these cellular rings, the effect of geometrical cues from single cells (e.g. cell 
number and initial cell area) as well as other global geometries (e.g. shape and size of 
void at the center of the ring) on the actomyosin-mediated contraction dynamics of the 
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1.1.1 Introduction to physical cues in cell biology 
Mammalian cells in vivo are continuously exposed to numerous external stimuli and must 
respond in an appropriate and timely manner for maintaining homeostasis. Cellular 
response to external stimuli is mediated by a complex network of intracellular signaling 
pathways through molecular switches such as GTPases, kinases and phosphatases, which 
in turns governs and coordinates global cell function. An erroneous or delayed response 
from cells to these external signals can lead to the emergence and progression of human 
diseases [1]. In addition, understanding cellular response to external stimuli is also vital 
in the development of artificial tissues and organs, with its importance spanning across 
biomedical fields such as tissue engineering, design of medical devices and regenerative 
medicine.  
 
Classical molecular biologists are interested in understanding how soluble biochemical 
factors such as hormones, cytokines or growth factors stimulate downstream signaling 
cascades in cells through ligand-receptor binding. However, physical cues are fast 
emerging as an important complementary candidate in determining how cells would react 
to its external environment. Unlike soluble factors where transduction of these 
biochemical stimuli are usually limited to ligand-receptor binding, physical cues are 
known to be sensed and transmitted throughout the whole cell machinery in a process 
known as mechanotransduction. Cell sensing of physical cues can be either force-based 
(e.g. in the stretching of a cell) or surface-based (e.g. in cells resting on 
nanotopographical surfaces) and a variety of physical mechanisms have been proposed to 
describe how these mechanical cues are transduced to biochemical signals in the cells 
[1,2]. Force sensing by cells can be accomplished through force-induced physical changes 
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in intracellular structures such as localized conformational changes of force-sensing 
proteins such as α-catenin, p130Cas and talin, opening and closing of mechanosensitive 
ion channels or stabilization/destabilization of cell-cell and cell-matrix adhesion bonds. 
Geometry sensing has been explained by curvature sensing on topographical surfaces and 
the clustering and distribution of cell-substrate adhesion proteins such as integrins. For 
example, clustering of cell-adhesive proteins could promote focal adhesion assembly 
which then encourages cytoskeleton remodeling in a feedback mechanism. This will 
further activate biochemical cascades in downstream signaling pathways (e.g. RhoA and 
FAK pathways) which can have significant effect on global cell behavior such as 
proliferation and differentiation. 
 
For the past two decades, the advent of soft lithography technology and subsequent 
explosive advancements in the development of soft, flexible substrates, microfluidic 
platforms and microfabrication technologies to engineer well-defined surface topography 
or geometrical confinement have enabled the study of specific physical cues to be 
performed conveniently. For example, microfluidic platforms have been routinely used in 
flow-based assays to investigate the influence of shear stress on a monolayer of adherent 
cells while controlled tensile or cyclic strain can be applied to cells adhered on soft 
substrates. Small changes in the fabrication recipe of soft substrates can also reproducibly 
generate substrates of varying stiffness which are ideal for comparison against the 
classical petri dishes in determining the effect of substrate stiffness on cell behavior. 
Physical cues are seldom applied to physiological cells in isolation and a combined 
application of a few different cues will better mimic in vivo conditions. For example, 
shear stress and cyclic strain were applied simultaneously to endothelial and epithelial 




1.1.2 Types of physical cues and their effect on cellular behavior in vitro 
Physical cues can be broadly categorized as either active or passive cues as shown in Fig. 
1.1. Active physical cues mainly comprise externally applied forces such as cell 
stretching or flow-based shear stress while passive cues are generally material and/or 
surface-based. For example, substrate stiffness, surface topography and spatial constraints 
of cell adhesion are some of the more prominent passive cues reported. In this section, a 
brief overview of several types of physical cues is presented with key examples of their 
effects on cellular form and fate, ranging from cell morphology, survival, cell motility to 
cell differentiation. 
 
Cells and tissues are continuously subjected to external forces in vivo and respond in 
various ways to these applied mechanical perturbations or ‘loads’ over time and space. A 
prominent example is the remodeling of bone micro-architecture in response to 
mechanical loading first described in 1892 [4]. Flow shear stresses are important 
hemodynamic forces experienced physiologically by endothelial cells and hence has 
generated considerable interests in elucidating how these cells sense and respond to blood 
flow. Endothelial cells had been found to elongate with their long axis aligning parallel to 
the direction of the fluid flow [5, 6] with reduced growth [7] and death [8] as well as 
altered levels of gene expression [9] when exposed to a laminar shear stress. Cell-type 
specific response to fluid shear stress had also been reported where fluid shear stress had 
been reported to enhance differentiation of mouse ESCs and progenitor cells into 
endothelial and cardiovascular lineages [10] while non-laminar shear stress had been 
reported to increase colon cancer cell adhesion to a collagen matrix [11]. Cells can react 
to stretching and compressive forces in vitro in a variety of ways. Morphologically, cells 
align perpendicularly to a uniaxial cyclic strain only if the strain is highly dynamic [12] 
(above 1 Hz frequency). Changes in intracellular activity such as increased expression of 
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collagen and TGF-β in fibroblasts [13] and elevated levels of intracellular Ca2+ in MDCK 
cells [14] had been observed under mechanical stretching. Mechanical loading can also 
induce stem cell differentiation into specific lineages depending on cell types and strain 
loading modes. For example, human MSCs differentiate into osteogenic lineages under 




Besides responding to an external force arising from fluid flow or stretching, cells also 
reacts to many passive physical cues that are material or surface-based. By creating 
experimental platforms to probe highly specific interactions between cell and bulk 
materials as well as at cell-material interfaces, systematic study of the cell-material 
crosstalk has been made possible. This important field of study has found applications in 
the development of novel biomaterials in guiding cell behavior and fate including highly 
attractive cell instructive materials [15] for tissue engineering and regenerative medicine.  
 
Fig.  1.1. Common physical cues in cell biology studied systematically in experiments. 
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Substrate stiffness is a widely studied material-based cue that has been known to 
physically stimulate a variety of adherent cell types, particularly fibroblasts and stem 
cells. Substrate stiffness has been known to affect cell-substrate adhesion where stiffer 
substrates encourage larger spreading area, higher traction forces by the cells [16] and 
well developed focal adhesions [17]. Cell dynamics is also modulated by substrate 
stiffness where fibroblasts had been shown to move slower [17] on stiff substrates but are 
more persistent and tend to migrate from a softer region to a stiffer one through durotaxis 
[18]. In stem cells, a landmark study had been performed where humans MSCs are 
cultured on collagen-coated polyacrylamide substrates with stiffness mimicking specific 
body tissues such as brain (~0.5kPa), muscle (~10kPa) and bone (~30kPa). These 
substrates of varying stiffness had been shown to guide MSCs differentiation into the 
particular cell type that they represent [19]. 
 
Aside from physical cues from bulk material properties such as substrate stiffness, the 
cell-substrate interface is also important in directing cell form and fate. In vivo, cells are 
exposed to various nanotopographic features such as the ECM fibrillar matrix that are 
absent in typical smooth substrates used in experiments. Cell adhesion [20] and 
alignment [21-23] are commonly studied cellular responses believed to be heavily 
influenced by surface topographies in most cell types. Dynamical behavior of cells is also 
highly influenced and shaped by surface topographies. Cell migrates faster along grooves 
[21, 24, 25] but move slower and more persistently on micro-sized pillars [26]. Lattice 
grid micropattern and disordered nanopits were also observed to direct MSCs towards 
osteogenic lineages [27, 28] while elongated features such as groove or nanofibers had 
been shown to direct MSCs and neural progenitor cells to differentiate into neuronal cells 




Besides the two passive cues mentioned above, the patterning of cell-adhesive ECM 
molecules such as fibronectin, collagen and laminin are also known to exert physical 
stimulus by controlling the spatial adhesion of cells and consequently the cellular 
geometry and form.  Bow-tie shaped patterns had been designed to allow two triangular 
single cells to form a single cell-cell contact and are very useful in understanding how 
cell-cell interactions can affect cell behavior. With an excellent physical control of the 
geometry, adhesion and arrangement of single cells, systematic investigation of global 
cellular functions such as proliferation, differentiation, directed migration and neurite 
outgrowth have been made possible. Even though these single cell studies may provide 
vital clues in understanding cellular mechanoresponse, cells do not usually act alone in 
physiological tissues. Multi-cellular behavior on patterned substrates has been shown to 
be more complex and may even give totally different results from single cell studies. By 
seeding a large number of cells on a single pattern, cells are also subjected to highly 
localized cues from their immediate microenvironment. For example, cells at the pattern 
boundary are surrounded by fewer cells and have a lower number of cell-cell contacts 
compared to cells at the pattern center. These differences in local cues can in turn result 
in a highly anisotropic cellular behavior across the whole pattern. Besides looking at the 
asymmetric behavior of cells at pattern boundaries and at the pattern center, multi-
cellular studies have also reveal much about the collective behavior of epithelial cells and 
how stem cells and muscle cells behave in a multi-cellular environment. As this form of 
physical cue would be used and explored further in this thesis, a more detailed 
description of the spatial patterning of adhesion molecules and their effects on single 






1.1.3 Physical cues in morphogenesis 
The shaping of tissue and cell layers had fascinated developmental biologist over 
hundreds of years. Developing organisms had been known to formed well-defined shapes 
at different stages of development which are important in organ formation. However, the 
precise laws that govern the formation of these specific geometries are still poorly 
understood. Even in widely popular developmental biology textbooks such as 
“Developmental Biology” by Scott F. Gilbert [31], information relating to these specific 
morphogenic geometries is still mainly descriptive in nature. Early scientists attributed 
the establishment of these well-defined tissue geometries to Darwinistic evolution. 
However, as early as 1915, physical mechanisms had been proposed as a possible means 
of shaping tissue geometries by D’Arcy Wentworth Thompson in his highly acclaimed 
book “On Growth and Form” [32]. Thompson called to attention the remarkable 
similarities between biological form and behavior of materials under mechanical forces 
and proposed the use of simple mathematical transformation such as shearing as a means 
of shaping cell assemblies. Mechanical forces are important in driving cell motility which 
in turn may contribute to the shaping of defined geometries during morphogenesis. In 
1969, John Philips Trinkaus wrote his landmark text “Cells into Organs: The Forces that 
Shape the Embryo” [33] which underlined the importance of multi-cellular motility in 
developmental processes in vivo.  
 
In the last two decades, there is a shift in focus to understand the biomolecular origins of 
tissue shaping. Gradients of signaling molecules from the Hedgehog (Hh) family, the 
Wnt family and the TGF-β family had been identified as key to shaping developing 
tissues [34]. However, exactly how these families of signaling molecules participate in 
physically shaping the developing organism is still unknown. More recently, there has 
been a growing interest to revisit the physical aspects governing morphogenesis. In 
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shaping tissue geometries by cell motility, the stability of cell-cell adhesions and 
regulation of actomyosin contractility by Rho GTPase are identified as key mechanical 
players [35, 36]. As the developing tissue is made up of an assembly of a large number of 
cells, it is not surprising that the modulation of cell-cell adhesion between these cells 
would be an important first step in enabling the remodeling of the cell layer. However, 
our knowledge of physical principles governing multi-cellular rearrangement and motility 
is presently limited to these general rules. Exactly how actomyosin contractility and cell-
cell adhesion physically contribute to cell motility and in turn the shaping of the body 
plan needs to be further examined.  
 
1.1.4 Physical cues in epithelial void closure 
Besides morphogenesis, physical cues had also been implicated in the closing of 
epithelial voids. Epithelia are found in most organs to primarily serve as a protective 
layer for the underlying stroma. Epithelial cells have unique properties to establish well 
differentiated junctional complex including tight junctions, adherent junctions and 
desmosomes and a unique set of protein complexes ensuring apico-basal polarity 
However, some cells in the epithelium may sometimes be destroyed or extruded in vivo 
due to constant exposure to physical trauma, toxins, oncogenic events or even during 
naturally occurring events such as the remodeling of the epithelium. This creates 
openings or voids in the epithelium that prevents it from performing its barrier-forming 
function. To maintain the epithelium barrier integrity, wounded areas in the epithelium 
must be repaired promptly and efficiently and a comprehensive understanding of how this 
repair is achieved could be of great value in biomedical and pharmacological applications. 
  
Two distinct physical mechanisms have been proposed so far to describe how cells 
behave to close these openings in the epithelium. Early studies about half a century ago 
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investigating the behavior of fibroblasts in wound healing assays [37] had already 
proposed that epithelial cells promptly respond to any opening in the cell sheet by 
extending lamellipodia in the wounded area which is then followed by cell crawling to 
seal the opening. This mechanism is characterized by cell migration and appears to be 
modulated by Rac activation [38].  About 20 years ago, localized concentrations of actin, 
myosin II, villin and tropomyosin molecules were observed within 5 mins of void 
formation as a ring around the wounded area [39]. This actomyosin ring had since been 
termed as an actomyosin ‘purse string’ as the generation of circumferential tension by 
this ring pulls the cells bordering the void together in a coordinated motion that is 
analogous to the drawing of a purse string. As opposed to the first mechanism, this 
mechanism is characterized by a contractile leading cell edge free of lamellipodia activity 
and appears to be modulated by Rho activation [40]. A general consensus states that at 
large void sizes of at least tens of cell diameters, cells tend to close the void by cell 
crawling and a transition to actomyosin-based contraction occurs at smaller void sizes of 
a few cell diameters which eventually seal the epithelium. An interesting study performed 
using bovine corneal endothelial cells suggested a key contribution of ECM in governing 
the behavior of cells bordering the wounded area [41]. In this study, the presence of ECM 
appeared to encourage void closure by cell migration while the actomyosin contraction-
based mechanism dominated in regions devoid of ECM.  
 
Despite substantial studies on the global mechanism of void closure by physical players, 
little work had been done to probe the contribution of individual cells. Even for studies 
done on global void geometry, the results obtained might be confounded by the 
rearrangement and proliferation of cells that were not directly involved in the formation 
of the actomyosin ring. For example, cells up to 10 cell rows back from the void could 
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respond to the presence of a void in the cell layer through cell rearrangement and 
proliferation. 
 
1.2 Hypothesis & Aims 
In this thesis, it is hypothesized that the size, shape and arrangement of individual 
cells in close proximity would regulate cell rearrangement and epithelial void 
closure and are force-mediated. Micropatterns of ECM proteins are able to 
spatially constraint cell adhesion, allowing the geometrical effects of cells to be 
systematically examined. However, micropatterns studies whereby cell 
geometries and environment are precisely controlled rarely go beyond two cells, 
with only one study found so far using a 3-4 cell clusters with controlled area and 
shape [42]. In studies on multi-cellular systems such as collective cell migration, 
tens to hundreds of cells are seeded on a single large cell-adhesive region of more 
than 10,000 μm2. Geometrical constraint is designed to be applied on the whole 
multi-cellular collective with little or no control of the spatial properties of 
individual cells. Although, it has been shown that the overall geometry of these 
multi-cellular systems can influence their behavior and properties, it remains to be 
seen whether the geometrical and environmental cues from individual constituent 
cells can also affect this behavior in a meaningful way. Size and shape of single 
cells have already been shown to modulate the generation of cellular forces while 
the arrangement of cells in a multi-cellular system would likely affect the force 
distribution. By controlling these parameters and hence the forces present in 




To facilitate this study, simple clusters of micropatterns that can accommodate a 
small but fixed number of cells with possible control of the geometry and 
arrangement of individual cells were designed. This novel way of designing 
micropattern clusters could enable us to engineer simple cell model systems to 
study how the physical parameters of individual cells can affect global multi-
cellular dynamics. One of the constraints identified in the use of these 
micropattern clusters lies in the difficulty in ensuring that the correct number of 
cells is seeded on these micropatterns at the right positions. To facilitate the 
efficient use of micropattern clusters in experiments, a microfluidic-based cell-
positioning platform had also been developed.  
 
Specific Aim 1:  Development of a microfluidic-based cell positioning platform 
for controlled positioning of single cells on ECM micropatterns. 
 
Specific Aim 2: Using bowtie-shaped micropatterns, the rotation potential of 2-
cell systems under different size and shape will be characterized. Together with 
selective inhibition of cell contractility and based on previous studies by others, a 
proposed force-mediated mechanism governing the rearrangement of 
geometrically constrained cell clusters is described. The principles revealed in the 





Specific Aim 3: Introduce an in vitro experimental system using cellular rings 
comprising only a single row of 4- to 6- cells to investigate actomyosin-mediated 
contraction dynamics without conflicting signals which are unrelated to forces 
generated by constituent cells. The effect of geometrical cues from single cells 
(e.g. cell number and initial cell area) as well as cell arrangement in the ring 







Chapter 2  










2.1 Methods of spatially patterning cell adhesive proteins  
2.1.1 Overview 
Very rudimentary efforts to spatially control the geometry of cells by manipulating cell-
substrate adhesion had been reported as early as 25 years ago [43]. In these early studies, 
control of cell morphology (rounded or fully spread) was achieved by varying the 
concentration of ECM coating on the substrate. However, such crude methods of cell 
patterning did not allow precise control of the cell geometry and the differences in 
integrin clustering on ECM of different density would likely contribute to the different 
cellular response on these substrates. A more elegant method have since been developed 
which required the fabrication of cell-adhesive regions in a non-adhesive background. 
This method, first envisioned in a landmark experiment in 1994 [44], have since 
encouraged others to develop other more accessible and easy to use methods for 
patterning.  
 
To date, the more common methods for selectively patterning of proteins can be broadly 
classified as elastomeric or surface modification methods and they have been the subject 
of several excellent review papers [45-47]. Elastomeric methods include micro-contact 
printing, microfluidic patterning and stencil patterning of proteins while surface 
modification methods can range from UV-based photolithography, laser ablation to 
plasma lithography. On the other hand, the background that resists cell adhesion usually 
also prevents protein adsorption and can be made up of very different classes of 
molecules such as poly(ethylene glycol)-terminated molecules, Pluronics, BSA or 
hydrogels where surface hydrophobicity appears to be a common property. The ability of 
these materials to remain inert under days of cell culture conditions is also of interest in 




2.1.2 Elastomeric methods 
Making full use of the highly attractive soft lithography methods, mechanically soft 
elastomeric ‘stamps’, stencils or microfludic channels with micro-sized features 
corresponding to the regions to be patterned can be transferred with high fidelity from a 
re-usable mold as shown in Fig. 2.1. The material of choice is PDMS due to its superior 
biocompatibility, optical properties and ease of fabrication. To first create these micro-
sized features on the master mold, standard microfabrication processes using photoresist 
and UV photolithography are needed. Microfabrication facilities are inevitably required 
but they are now available commercially or simplified versions of these facilities can be 
easily set up in classical biology laboratories.  
 
Micro-contact printing is a method whereby PDMS stamps are used to directly transfer 
patterns from PDMS stamps with the desired features to the surfaces of culture substrates. 
In the first attempts to create micropatterned islands on culture substrates, elastomeric 
stamps had been used to transfer alkanethiols onto specific regions on gold substrates and 
the remaining bare regions were further passivated with a PEG-terminated alkanethiol 
that prevented protein adsorption. When exposed to a solution of the laminin ECM 
proteins, only the non-PEG regions allowed protein adsorption and cell adhesion and 
spreading were confined to these regions [44]. In this way, surface hydrophobicity can be 
easily be tuned on alkanethiols to either absorb proteins (e.g. hexadecanethiol) or repel 
them (e.g. oligo (ethylene glycol)-terminated alkanethiol) by controlling the terminal 
group on the alkane chain, making them an ideal class of molecules used by several 
groups [50-55]. Even though alkanethiols are commonly used as an intermediary for 
patterning proteins, stamping proteins directly onto culture substrates without the need 
for gold surfaces may be more advantageous [56]. Generally, for a good transfer of 
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proteins from stamp to substrate, the protein should have higher affinity for the substrate 
than the stamp. Factors such as surface chemistry of the stamp and substrate, drying and 
stamping time and temperature need to be well controlled for highly efficient protein 
transfer. For example, plasma treatment of the stamp is commonly carried out to reduce 
protein affinity to the stamp. Recently, a study comparing protein transfer from PDMS 
stamp to polyacrylamide gels at room temperature and 37 °C showed that microcontact 




In contrast to microcontact printing where inking materials are deposited in regions in 
contact with the stamp, PDMS microfluidic channels can be used to deliver solutions to 
regions where the PDMS do not contact the substrate. These solutions are usually drawn 
through the channels by capillary forces and can contain proteins for direct patterning or 
curable materials such as agarose for creating small microwells after the microchannels 
Fig.  2.1. Common techniques of protein patterning: Elastomeric methods. 
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are removed. For example, bow-tie shaped microwells which have been used 
predominantly in cell-cell interaction studies can be fabricated in this way. These 
microwells can be further functionalized for cell adhesion and at the same time act as 
physical barriers to spatially constraint cells [58]. The microfluidic method of patterning 
proteins is not frequently used but may offer many advantages such as a greater control 
of the density of proteins deposited as compared to microcontact printing and is also an 
easier method to pattern multiple types of proteins in parallel.  
 
Stencil patterning is another straightforward method to pattern substrates. The stencils 
used are usually fabricated by spin-coating a thin membrane of elastomeric materials 
such as PDMS on a mold with micro-pillars or by physical etching of parylene. Similar to 
the principles of conventional ‘lift off’ process used in the selective vapor deposition of 
metals, these elastomeric membranes with designed arrays of micro-sized holes are 
placed on the substrate to physically restrict protein adsorption to only the exposed areas. 
After the patterning step, this membrane can be manually removed, leaving behind the 
desired patterns on the exposed areas [59]. Cells can also be directly confined in the holes 
of the stencils. For example, cells had been successfully confined by using PDMS 
stencils sealed on both dry culture substrates and wet collagen gels [60]. More advanced 
patterning of cells and a protein have also been demonstrated using stencil patterning. For 
example by using a 3-layer parylene stencil system, murine ESCs had been co-cultured 
with up to four distinct types of cells [61]. 
 
2.1.3 Surface modification  methods 
Surface modification methods encompass UV-based photolithography, laser ablation and 
plasma treatment of surfaces as shown in Fig. 2.2. UV-based photolithography has been 
used for decades in the microfabrication industry where photo-activatable resists is 
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exposed to UV light through an opaque chrome mask with selective transparent regions. 
The solubility of the resist in a developer solution is modified upon UV exposure and is 
either removed or retained after a development step depending on whether a positive or 
negative resist is used. Taking advantage of this established method and also other 
standard microfabrication techniques such as oxide etching and lift off process, 
contrasting protein-adhesive and non-adhesive regions can be created. For example in a 
method known as selective molecular assembly patterning, a photoresist layer is first 
spin-coated over a film of SiO2 overlaying a TiO2 layer and desired regions in the 
photoresist were removed by a standard photolithography process. This photoresist layer 
then acts as a mask for selective etching of the SiO2 film which can be made protein 
resistant while the exposed TiO2 layer is made favorable for protein adsorption [62]. For 
simpler methods of patterning proteins without the use of resists and organic solvents, 
surface chemistries can be directly modified by deep UV irradiation on biocompatible 
materials such as PEG [63], polystyrene or chemically-synthesized molecules with photo-
activatable groups. Examples of photo-activatable groups can include protein-repelling 
groups that can be cleaved by photoactivation [64] or even caged groups where protein-
adsorbing groups are exposed upon irradiation [65]. A very simple method of patterning 
protein on PLL-g-PEG coated substrates had been developed where the protein repelling 
carbon groups on PEG are modified into protein adsorbing carboxyl groups by irradiation 
with 185nm UV light [63]. This attractive and handy technology has spin-off a 
commercial company Cytoo which offers fabrication services for user-customized 






Besides using UV illuminations to modify surface chemistries, direct ablation of non-
adhesive surfaces with concentrated laser beams have also been shown. Protein resistant 
but photoactive polymers such as poly (ethylene terephthalate) or 2-
mcethacryloylocyethylphosphorylcholine (MPC) absorb the irradiated laser and undergo 
either a direct breakdown (photochemical) or gets heated up to temperatures that 
decompose the material (photothermal).  Removal of these protein-resistant polymers at 
specific positions allows a backfill of cell-adhesive proteins in the ablated sites [66]. In 
addition, since this ablation process can be carried out in aqueous culture conditions, 
interesting on-demand patterning are possible. In reported experiments, cells were first 
confined in micropatterned islands and further ablation was carried out to either create 
migration lanes or to allow the co-culture of a 2nd cell type in close proximity [67]. 
Optical interference property had been used to generate a large area of parallel linear 
patterns by using 2 coherent laser beams to selectively ablate regions under constructive 
Fig.  2.2. Common techniques of protein patterning: Surface modification methods. 
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interference [68]. Instead of creating patterns on protein-resistant layers, laser irradiations 
had also been reportedly used conversely to inactivate selective areas of functional cell-
adhesive proteins to restrict cell adhesion to unablated sites [69]. 
 
Another established method to modify substrate surface chemistry for protein patterning 
applications is the use of plasma lithography. Plasma are high energy charged particles 
produced from ionization of gases (e.g. oxygen) that are able to change or substitute 
surface atoms and functional groups and also to a certain degree, perform etching on 
some materials for the generation of surface topographies. Selective treatment of the 
surface by plasma is guided by a mask in tight conformal contact to the substrate which 
typically improves protein adsorption in exposed areas [70,71], although it has also been 
used alternatively to destroy unprotected regions of cell-adhesive polylysine [72]. A wide 
variety of masks have been reported, ranging from TEM copper grids in early 
experiments, colloidal particles for creating sub-micron features, to even simple PDMS 
channels or stencils. These masks are usually static but a motorized platform that enabled 
the mask to be mobile in the X-Y direction had recently been reported which allowed for 
on-demand plasma treatment and patterning of surfaces [73]. 
 
2.1.4 Advanced micropatterning 
The methods described so far are designed to allow only one type of protein to be 
patterned across the entire substrate. However, multi-component protein arrays can be 
achievable through innovative modifications of these methods to allow high throughput 
cell-protein interaction studies to be carried out in parallel or to probe cell response to 
different proteins that are spatially separated. A method based on micro-contact printing 
used a multi-level PDMS stamp to perform stamping of different proteins over several 
steps without alignment [74]. Using microfluidic patterning, a multilayered microfluidic 
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system was designed where different proteins or cells are flowed in each layer of the 
channel which contacted the substrate at different regions and patterned these regions 
differently [75]. Laser ablation techniques are well suited for this purpose due to its 
ability to modify desired regions on demand. Recently, laser irradiation of selective 
regions of photocleavable oligohisitidine peptides had allowed subsequent conjugation of 
His-tagged proteins only at the pre-irradiated sites and multiplex protein patterning is 
achieved over several irradiation and conjugation cycles [76]. 
Cell-adhesive proteins patterned using the methods described above are typically static 
and cannot reproduce the rapidly changing microenvironment that a cell experiences in 
vivo. To facilitate the temporal study of cellular events, patterning methods where cell 
adhesion to substrates can be reprogrammed on demand will be very attractive. Besides 
studying cellular activities such as cell migration, these reprogrammable substrates also 
allow the creation of new patterns without the detachment of adhered cells and are ideal 
for co-culture applications. Synthesizing switchable molecules for use in reprogrammable 
substrates is attracting great interest and a growing catalog of these materials has been 
reported. Switching of these molecules between cell-adhesive and non-adhesive 
chemistries can be mediated by a variety of external stimuli such as via electrical, thermal 
or photochemical means. Electrochemically switchable surfaces are commonly made 
from alkanethiol SAMs on gold surfaces. For example in a pioneering study to control 
cell adhesion with electrical means, hydroquinone-terminated alkanethiols were oxidized 
electrochemically, making them highly reactive to cyclopentadiene-tagged proteins [77]. 
In another key study, PEG-terminated alkanethiols were detached electrochemically from 
the substrate to improve cell adhesiveness on previous inert areas [78]. Materials that 
undergo LCST phase transition are excellent for use in creating thermally switchable 
environments as material and surface property change conveniently with temperature.  
For example, Poly (N-isopropylacrylamide) (PIPAAm) is a popular material which 
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switches from a hydrophilic to hydrophobic at its LCST temperature of 32°C and had 
been use for co-culturing purposes [79]. Light responsive substrates are typically made 
from molecules with photo-activatable groups such as azobenzene derivatives, 
nitrospirobenzopyran and 2-nitrobenzene. One example of such substrates involved the 
absorption of protein resistant BSA to a layer of silane molecules functionalized with 2-
nitrobenzene groups. By selective photocleaving of the 2-nitrobenzene groups using 365 
nm UV beams, cell migration lane could be created on demand [64]. Again, laser-based 
techniques, with its superior spatial and temporal control, are found to be suitable for 
creating reprogrammable substrates. In a recent example, Q-switched laser system was 
used to induce localized oxidation of PEG layers to switch it from protein resistant to 
protein adhesive state for use in modifying cell shape on demand [80].  
 
2.2 Micropattern studies on single cells 
2.2.1 Overview 
2.2.1.1 Pioneering work 
With the advent of revolutionary microcontact printing method for stamping alkanethiol 
on gold surfaces [44], pioneering work on how the size of micropatterned islands affect 
the growth and death of capillary endothelial cells were carried out [81]. Single cells 
confined in these micropatterned islands have well-defined shape and size that can be 
reproduced reliably. This allows highly controlled experimental platforms to be set up for 
a systematic investigation of the effect of cell geometry on cellular function. Using this 
attractive experimental method, cells were found to grow better when allowed to spread 





2.2.1.2 Assembly of focal adhesions and cytoskeletal network 
In addition to showing an immense effect on cell survival, cell geometry and size can also 
tightly regulate localized intracellular cell behavior such as the assembly of focal 
adhesions and the alignment of the cytoskeletal network. After initial success in 
understanding cell survival using micropatterned surfaces, attention was turned to how 
focal adhesion formation could be correlated to the cell geometry [52]. By comparing 
focal adhesion assembly of capillary endothelial cells which spread over a single pattern 
with those that spread to the same area over several smaller patterns, the authors were 
able to decouple the effects of spreading area and cell-matrix adhesion. They showed for 
the first time that focal adhesion formation scaled with spreading area instead of the 
amount of ECM. Follow up studies had been done to test the strength of focal adhesions 
of micropatterned cells using a spinning disk device. An increase in cell-substrate 
adhesion and focal adhesion formations with an increase area was reported. Besides 
being influenced by spreading area, the authors also observed a strengthening of focal 
adhesion over time [52, 82]. Cell shape can frequently direct how the cytoskeleton is 
orientated in a cell. In a comprehensive study on how local features and overall aspect 
ratio of cells affected the structure of its cytoskeleton [83], it was observed that concave 
features promoted the localized assembly of stress fibers (mainly at the cell cortex) while 
convex features encourage lamellipodia activity. Anisotropic distribution of lamellipodia 
activity and actin localization first observed at the corners of square-shaped cells in 2002 
[84] was also revisited in this study. As the aspect ratio increases with the cell elongating 
from a square to rectangular shape, this anisotropic distribution became more pronounced. 
More recently, by constraining cells to triangular geometry of the same size, microtubule 
growth towards focal adhesions at the triangle vertices were shown to follow a guidance 
mechanism where the orientation of the microtubules evolved from being highly random 
at the nucleation sites to an ordered one nearer the vertices [85].  
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2.2.1.3 Decoupling effects of cell shape and cell-matrix adhesion 
In most studies involving micropatterns, the whole cell fully resides on top of an ECM 
protein layer. However, this may not be the case in vivo due to the heterogeneity and 
fibrillar nature of the ECM matrix in the body tissues. A fully adhered cell also suffers 
from conflicting signals between cell shape and amount of cell-matrix adhesion. To 
overcome these limitations, a unique approach to micropattern studies used various 
protein pattern shapes (e.g. T, V or Y shapes) that allowed a single cell to spread across 
gaps in the ECM pattern as shown in Fig. 2.3.a. From Fig. 2.3.a, it is clear that even 
though the distributions of ECM in the patterns are very different, the shape of the fully 
spread cell remains similar. This method had proved to be highly informative, 
significantly improving our understanding of the impact of cell-adhesive matrix on how a 
spreading cell determined its final shape, how cell polarity was established and more 
importantly, how the cell division axis was orientated. In studies on cell shape 
determination, cell borders linking two cell apices tend to orientate in a distance-
minimizing manner [86]. Focal adhesion accumulated on the pattern boundary and stress 
fibers originating from these focal adhesions reinforces the region devoid of cell-matrix 
adhesion and resists membrane tension. Following this result, anisotropic adhesive 
patterns were observed to able to guide cell polarity towards region of cell adhesion 
independent of cell shape [87]. It was proposed that an anisotropic cell-matrix adhesion 
encouraged cytoskeletal and cortical asymmetries that could affect the positioning of 
organelles such as nucleus and the golgi complex although the positioning of 
centrosomes appeared to be fixed, at least in the case of human retinal pigment epithelial 
cells.  Interestingly, it was also reported that an ECM pattern shapes could guide the 
orientation of the cell division axis of HeLa cells [88]. Anisotropy in ECM distribution 
resulted in an asymmetrical network of retraction fibers which are formed between 
regions of ECM and the rounding cell as the cell entered mitosis.  These retraction fibers 
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were thought to play a significant role in orientating the cell division axis as they pulled 
on the astral microtubules causing a reorientation of the mitotic spindle until these pulling 




2.2.1.4 Cell-cell interactions 
Besides varying the cell geometry and size, there is also great interest in understanding 
how cell-cell interactions could affect intracellular structures and global cell functions. In 
the simplest fashion, when two micropatterns each accommodating a single cell are 
placed in close proximity (~2-10 μm apart), a lone cell-cell contact can be engineered. 
‘Bow-tie’ shaped micropattern had been used to allow a single cell-cell contact to be 
formed between two triangular-shaped cells as shown in Fig.2.3.b. By comparing a single 
cell of similar shape and size to a cell pair in the bow-tie, cell response due to geometrical 
signals could be effectively decoupled from those originating from cell-cell interactions. 




For example, in a modified bow-tie shaped pattern (using square-shaped instead of 
triangular-shaped cells), single cells in contact were polarized with their nucleus closer to 
the contact and centrosomes orientated further away [90]. When the cells were released 
from confinement by electrochemically removing the passivated layer, the cells migrate 
away from each other. Several experimental works have adapted this successful 
micropattern shape for cell-cell interaction studies including this thesis research where 
the stability of a pair of single cells in a bow-tie shaped micropattern was examined as 
described in the next chapter. In other examples, similar patterns were used to probe the 
effect of cell-cell contact and cell size on the keratinocytes differentiation [50]. The 
authors found increase in differentiation markers observed in contacting cells as opposed 
to cells with no contact after both 48hrs and 120 hrs in culture although different cell size 
did not appear to regulate keratinocyte differentiation.  
 
Instead of putting two cells together to observe the interaction of intercellular adhesion 
molecules in live cells, these molecules such as those from the cadherin family of 
proteins could be patterned directly on the surface.  A major advantage of such 
experiments is a far superior imaging of the interactions between the intercellular 
adhesion molecules as they are now in the conventional microscopic plane of view. This 
imaging advantage was employed in a study where transfected C2 cells expressing N-
cadherin were seeded on N-cadherin substrates [91]. Cell-cell adhesion dynamics probed 
using FRAP analysis and time-lapse imaging of the initial stages of cell-cell contact 
formation and maturation allowed the authors to propose a model for how N-cadherin 
nucleates, grows and shrinks. The crosstalk between cell-cell and cell-substrate adhesion 
was also investigated by patterning alternating strips of E-cadherins and collagen and 
monitoring the lamellipodia activity, migration and traction force distribution of MDCK 




With the successful demonstration of how spatial control of cell adhesion in single cells 
could have significant biological relevance, there were interest from various groups to 
look at global cell function in the same manner, particularly in the areas of cell 
proliferation, stem cell differentiation, directed cell migration and neurite outgrowth. 
These exciting areas of research constitute the major core of biological studies on single 
cells using micropatterned substrates and will be reviewed in greater details in the next 
few sections.  
 
2.2.2 Effect of cell geometry and connectivity on single cell functions 
2.2.2.1 Cell Proliferation 
Ever since the first landmark study on how cell size could affect cell growth and survival 
[81], the understanding of cell proliferation with the use of protein patterning has been a 
popular topic of research. A subsequent study used similar square-shaped micropatterned 
islands to demonstrate that the cell cycle transition from G1 phase to S phase was 
prohibited in cells where spreading was restricted [93]. Biochemical proliferative cues 
from growth factors and integrin binding are already well established to promote G1/S 
transition but these results clearly showed that geometrical cues also play an important 
role in cell growth. Geometrical cues appear to be transduced by FAK which plays a dual 
role in regulating cell proliferation [94]. In highly spread cells, FAK signaling is 
activated which induces a proliferative effect through RhoA and modulates cytoskeletal 
tension and focal adhesion through a feedback mechanism. In addition to cell spreading, 
cell proliferation has been shown to be dependent on cell-cell interactions. Conventional 
understanding of cell proliferation dictates that in high density cell cultures, cell 
proliferation is suppressed by a contact inhibition effect. However, in these confluent 
cultures, the number of cell-cell contacts is uncontrolled and the spreading area of cell 
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also tends to be smaller than those in sparse cultures. To isolate the proliferative 
contributions of cell-cell interactions, bow-tie shaped agarose microwells had been used 
to precisely engineer a single cell-cell contact and control cell size and shape. A series of 
studies on cell growth using this experimental platform had collectively showed that a 
decrease in cell spreading area independently suppresses proliferation while cell-cell 
contact engagements were surprisingly able to stimulate proliferation through cell-
specific signaling pathways [95-97]. In bovine pulmonary artery endothelial cells, VE 
cadherin engagement decreased cell spreading but also appeared to increase cell 
proliferation through a spreading independent mechanism [96]. This mechanism could be 
mediated by the Rho-ROCK pathway where cellular tension and the integrity of the 
cytoskeletal structure are crucial. In NRK-52E and MCF10A epithelial cells, an optimal 
cell culture density existed where proliferation was maximal [97]. In high culture density, 
cell proliferation was suppressed by low cell spreading independent of cell-cell 
interaction effects. In lower densities, engagement of E-cadherin increases cell 
proliferation through Rac1 signaling pathways which were mediated by cadherin binding 
of p120 catenin. To explore the effect of cell-cell interaction beyond a single contact, 
modified bow-tie shaped patterns were designed to engineer two or more contacts (e.g. 
three contacts for cells in the center of a ‘propeller’ shape pattern) and used 
dielectrophoresis to effectively position required cells on the patterns. The authors found 
that beyond a single contact, stimulation of cell proliferation by cell-cell contact 
engagement occured at a lesser degree [42]. Besides cell size and connectivity, cell shape 
has also been shown to affect cell proliferation. For example, using circular and elliptical 
micropatterns, proliferation of smooth muscle cells was found to be significantly lower in 
highly elongated cells compared to circular ones, probably due to a corresponding 




2.2.2.2 Stem cell differentiation 
Besides cell proliferation, stem cell differentiation is also tightly regulated by cell shape 
and spreading. Cell spreading has a huge impact on the cytoskeletal dynamics and tension 
generation in cells which could lead to highly cell-specific mechanisms affecting cell 
differentiation. Larger micropatterned islands promoted osteogenic differentiation in 
favor of adipogenesis in human MSCs and this dependence of lineage commitment on 
cell size appears to originate from RhoA activity and cytoskeletal tension [99]. 
Keratinocyte differentiation had also been observed to be regulated by cell size through 
the activity of the serum response factor (SRF). Larger cells contained higher levels of G-
actin and SRF activity was inhibited. This in turn suppresses terminal differentiation in 
epidermal stem cells through downregulation of the JunB transcription factor [100]. 
When human MSCs were stimulated with TGF-β, differentiation specification into either 
chondrogenic or myogenic lineages was found to be dependent on the extent of cell 
spreading. If these stimulated cells were well spread, RhoA activity remained 
surprisingly unchanged but Rac1 activity and N-cadherin expression were upregulated 
which induces differentiation into smooth muscle cells [101]. Cell shape also affects stem 
cells differentiation by influencing localized tension sensing of cells where high localized 
tension was found to favor osteogenesis in mesenchymal stem cells [102, 103] and 
increased the expression of differentiation markers in epidermal stem cells [100]. 
Osteogenesis mediated by high localized tension appears to be transduced via RhoA 
pathway as in the same way as highly spread cells. Gene expression analysis on highly 
tensed cells cultured on star-shaped patterns also implicated MAP kinase pathways and 
noncanonical Wnt signaling in this sensing mechanism [103]. Aspect ratio is another 
important factor in guiding cell differentiation. In MSCs, an optimal aspect ratio of 1 and 
2 had been reported for adipogenic and osteogenic differentiation respectively [102] 
while higher aspect ratios appeared to encourage myogenic differentiation [104]. 
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2.2.2.3 Cell migration 
Dynamical cellular behavior such as cell migration can also be guided by pattern shape 
and configurations. On typical cell culture dishes, cell move in randomized directions but 
they can be directed to move in a bias way by asymmetrical shaped patterns. For 
migration to occur, cells have to be polarized with membrane extensions towards the 
leading edge and retraction of the cell body at the rear end. For this “front-back” 
polarization to develop, specific intracellular polarization in terms of distribution of actin 
filaments, focal adhesions and lamellipodia activity must first occur. Early studies 
investigated the dependence of lamellipodia extension on cell shape using different 
geometric forms and results had shown that cells preferentially extended their 
lamellipodia through sharp corners of these shapes [53], possibly due to a concentration 
of traction forces on these regions [84]. In symmetrical patterns such as circles, these 
molecular polarizations appeared to be transient. However in asymmetrical patterns, 
asymmetry of actin filament distribution was similarly short-termed but anisotropic 
distributions in focal adhesions and membrane activity tends to be more persistent [105]. 
In tear-drop shaped patterns, this symmetry breaking was observed to be orientated along 
the blunt-to-tip axis. Organelles such as centrosomes were also displaced from the cell 
center with the displacements directions similar to that observed in migrating cells. When 
the passivated layer was removed using electrochemical means, the cells tend to migrate 
towards the blunt end but not laterally, consistent with the direction of “front-back” 
polarization [54].  
 
Guided migration is typically observed in the presence of gradient cues on unpatterned 
substrates. For example, in durotaxis, cells preferentially migrated from a softer substrate 
to a stiffer substrate. Other cues such as chemoattractants or cell adhesion strength can 
also direct where cells prefer to migrate. To guide cell migration using cell geometry-
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based cues, 4 tear-drop shaped patterns were arranged in a square with each pattern at 
right angles to each other [106] as depicted in Fig.2.3.c. It was found that this series of 
patterns was able to direct migration of fibroblasts and endothelial cells from one pattern 
to another at both the blunt end and the tip end. Migration speed appeared to be 
modulated by the gap distance between each pattern and migration bias was destroyed on 
a rectangular migration track where cells did not adopt a polarized shape. When a large 
number of tear-drop shaped patterns were arranged to form a circle, cells migrated 
continuously around the circular track in a persistent direction [107]. Inhibiting important 
regulators of polarity and motility such as Rac1, RhoA and Cdc42 affected migration 
speed but not the directional bias.  In another similar study using MCF-10A epithelial 
cells, cell migrated most effectively by jumping sideways from the tip end of one pattern 
to the blunt end of the next pattern compared to other modes of jumping [108]. More 
recently, another study showed that the directional cues provided by asymmetrical 
patterns can be highly cell-specific, opening up the possibility of using them in cell 
sorting [109]. 
 
2.2.2.4 Neurite outgrowth 
Instead of modulating cell morphology to direct cellular dynamical behavior, neurite 
extensions can be guided using patterned grids in an attempt to mimic neuronal network 
circuits. For example, dorsal root ganglia cultured on laminin and poly-L-lysine grid 
patterns adhered mainly to the patterned regions with active neurite extensions following 
closely to the layout of the grid lines. Their cell bodies and neurites were GAP-43 
positive which is similar to developing and regenerating neurons in vivo [110]. Patterned 
substrates could also provide valuable insights into how neurites could explore a large 
area scattered with high and low affinity ECM molecules. When an array of cell-adhesive 
spots was patterned instead of a continuous track, an inter-spot distance of 30 μm was 
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found to prohibit neurite growth between the spots. Neurite growth and branching have 
been shown to have high affinity for laminin spots while fibronectin spots appeared to be 
less conducive for cell body adhesion, neurite branching and neurite growth. However, 
by mixing fibronectin and laminin spots in a multi-component substrate, fibronectin spots 
were observed to act as intermediaries to bridge two laminin spots > 30 μm apart, with no 
change in neurite extension velocity and length from pure laminin spots [111]. Recently, 
carbon nanotubes, which can form nanotopographical mesh structures while also having a 
strong affinity to poly-lysine, are emerging as an ideal candidate for patterning neural 
networks in vitro. Both topographical and geometrical cues can be conveniently applied 
which to guide neurite attachment and elongation in long term cultures [112]. Using well 
designed patterns, internal neuritic tension was found to be crucial in axonal polarization 
where one of the growing neurite exhibits increased growth rates at the expense of other 
neurites and acquire axonal characteristics [113]. Presence of this internal tension is 
confirmed using patterned curved lines which cause the detachment of growing neurites. 
In a Y-shaped pattern where the cell body resides in the pattern center with three growing 
neurites, there was no preference for axonal polarization when the angles between the 
growing neurites were made equal. Instead, if the angles between two of the neurites 
were 90°, the remaining neurite was under higher internal tension and tend to become the 
axon.     
 
2.3 Micropattern studies on multi-cellular systems 
2.3.1 Overview 
Single cell studies on micropatterns, with its simplicity and precise control of cell 
morphology and connectivity make it a very attractive and reproducible experimental 
platform. Deservingly, micropatterns have been regarded as essential tools in the quest to 
 32 
 
understand how biological cells respond to their geometrical environment. However, cells 
do not exist in isolation in the body tissues. Even though single cell studies may have 
much value as a starting point for providing vital clues in understanding cellular response,  
the response of a collection of cells are much more complicated and may not be 
necessary similar to that of a single cell. For example, proliferation rates had been shown 
to first increase with the engagement of a single cell-cell contact but began to decrease as 
the number of contacting cells increased [42]. To recreate cellular behavior in vivo, 
adhesive patterns designed for tens to hundreds of cells are fast emerging as candidates 
for studying collective cell behavior in a multi-cellular environment. These patterns are 
much larger (>10,000 μm2) and cells appears to experience highly localized 
environmental cues that may be very different at pattern boundaries and at the center of 
the pattern. For example, cells at the pattern boundary are surrounded by fewer cells and 
have a lower number of cell-cell contacts compared to cells at the pattern center. This 
could lead to very different behaviors exhibited by cells on the same pattern, which 
mirrors the heterogeneity observed in the body tissues. 
 
By using computational modeling and experimental studies, a key study concluded that 
an ensemble of cells cultured on a geometrical pattern experienced a highly anisotropic 
distribution of mechanical stress depending on the pattern shape [114]. For example, in a 
square pattern, cells at the corners experienced higher mechanical stress compared to 
those at the sides while cells at the pattern center are under minimal stress. This appeared 
to be analogous to what was observed on single cells residing on square patterns where 
traction forces were concentrated at the sharp corners. Many global cellular behaviors 
such as proliferation and differentiation are dependent on cell tension as observed in 
single cell studies. Similarly, asymmetry in stress distribution in multi-cellular patterns 
had been shown to mediate a distribution of proliferation rates across the pattern with 
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highly stressed cells growing faster. This is true for a wide variety of shapes ranging from 
squares, rectangles to an asymmetric annulus. A series of follow up studies had since 
been reported which suggest that this stress distribution also plays a crucial role in 
generating an anisotropic distribution of how stem cells differentiate, how epithelial cells 
undergo EMT and how fibroblasts migrate. For instance, when human MSCs were 
seeded on square patterns, highly stressed cells at the edge of the pattern committed 
preferentially to osteogenic lineages while cells experiencing lower mechanical stress at 
the pattern center underwent adipogenesis [115]. When mouse mammary epithelial cells 
cultured on square patterns were treated with TGF-β to induce EMT, expression of 
epithelial markers is higher for cells at the center of the pattern while mesenchymal 
markers were elevated in cells at the edge of the pattern [116]. Expression of 
mesenchymal markers by TGF-β stimulation and cellular tension appeared to be 
mediated by MRTF-A which is also observed to be localized in nucleus of cells only at 
the edge of the pattern. By using dynamic patterning methods, fibroblasts cultured in 
geometrical patterns were released from their confinement and cells were observed to 
preferentially migrate outwards from region where higher stress was expected [117].  
 
Multi-cellular patterns can also exhibit anisotropic cellular behavior independent of 
mechanical stress distribution. First observed in single cell studies, engagement of the 
cadherin intercellular adhesion molecule was found to induce an off-centering of the 
nucleus and the centrosomes [90]. When extended to a multi-cellular study using 
astrocytes, epithelial and endothelial cells on large circular patterns, a polarized 
phenotype was also observed where the centrosomes of cells at the edge of the circle 
were preferentially positioned towards the free edge while those of cells at the circle 
center were randomly oriented similar to what was observed in isolated cells [118]. These 
polarizing patterns had been attributed to cadherin engagements which induce positioning 
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of the nucleus and centrosomes away from the cell center by an interplay of forces 
associated with actin and microtubule networks. Besides looking at asymmetric behaviors 
of cells at pattern boundaries and at the pattern center, studying the behavior of multiple 
cells on patterned substrates have also reveal much about the collective behavior of 
epithelial cells and how muscle cells and stem cells behave in a multi-cellular 
environment. These prominent areas of research will be further reviewed in detail in the 
next section. 
 
2.3.2 Collective behavior of  epithelial cells 
Epithelial cells rarely act autonomously as they are known to form highly cohesive units 
through closely-knitted cell-cell junctions. These cell-cell junctions are not only 
responsible for the integration of individual epithelial cells into the epithelium and the 
maintenance of the epithelium’s structural integrity and barrier-forming functions, but 
also play a crucial role in the dynamic remodeling of the epithelium. For example, in 
typical wound-healing assays, a sheet of cells are known to move in concert with one 
another with the emergence of a few highly mesenchymal-like leader cells locally 
guiding a unit of follower cells. This process is known as collective cell migration and 
may be important in driving several physiological processes such as embryogenesis, 
wound-healing, cancer metastasis and even lateral cell migration in zebrafish. Even 
though single cell migrations have been extensively studied on micropatterns, the effect 
of geometrical cues on how a cohort of cells migrates collectively still needs to be 
established further.  
 
Recently, collective cell migration directed along adhesive tracks of different width had 
been studied [119]. MDCK cells on narrow tracks were shown to move faster in a 
contraction-elongation manner while cells on wide tracks are slower and move in a 
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vortex-like fashion. Loss of cell-cell contact and cell contractility abolished the 
dependency of migration speed and migration modes on track geometry. Using a similar 
experimental setup with parallel strips of fibronectin tracks separated by a narrow 
passivated region, migrating keratinocytes were observed to form highly tensed cell 
bridges spanning across adhesive tracks and suspended over the non-adhesive region 
[120]. These multi-cellular bridges could be described by an elastic model and might 
provide valuable insights on how cell sheets maintains its integrity and distributes tension 
during physiological processes with low cell-matrix adhesion. Patterning ECM strips 
have also been very useful in understanding contact inhibition of locomotion (CIL) where 
colliding cells tend to move away from one another. On patterned narrow strips, cells 
were only confined to migrations up and down the strips with frequent collision where 
head-to-head collisions of single cells were found to be most effective for CIL [121]. 
Collective cell behavior can emerge where single cells line up in a row and adhered to 
one another to form a “train of cells” that migrated and polarized in a coordinated manner. 
Besides using adhesive strips to study how cells behaved collectively, a persistent 
rotational motion of MDCK cells had also been studied in large circular patterns [122]. 
The emergence of this coordinated cell behavior was found to be dependent on cell 
density, pattern size and cell type. When mutant MDCK cells exhibiting mesenchymal 
characteristics were used instead, collective behavior becomes much less persistent while 
invasive breast cancer cells exhibit highly uncoordinated, randomized behavior. 
Interestingly, cells exhibit biased cell alignment and directional rotation that was 
strikingly cell-type specific on the inner and outer boundaries of ring-shaped 
micropatterns [123]. This directional bias appears to be strongly dependent on the 
integrity of the actin cytoskeleton where a complete reversal of the bias direction had 




2.3.3 Stem cell niche 
Apart from the collective cell behavior, many experiments on ECM patterns had been 
designed to probe how stem cells behave in a multi-cellular environment. The in vivo 
microenvironment or stem cell niche is crucial for the maintenance of the differentiation 
potential of stem cells or “stemness” and ECM micropatterned substrates are well placed 
to reproduce this microenvironment in vitro. In a very recent study, human MSCs had 
been shown to express higher levels of MSC markers on patterned circular islands than 
on typical unpatterned culture substrates. This effect on the cells persisted once it is 
established and remains even after release from pattern confinement for up to 16 days 
[124]. Patterned circular islands also restricted cell spreading and suppressed 
proliferation, both of which could be relevant in preserving cell stemness. High 
expression of MSC markers were typically observed in early passages and inhibition of 
cell tension by drug treatment have been shown to reproduce elevated MSC markers 
expression on unpatterned substrates. When human ESCs were cultured on circular 
pattern, cells at the pattern boundary were more proliferative but remain undifferentiated 
[125]. This results were confirmed by an up-regulation of β-catenin at pattern boundaries 
which mediates ESC expansion and self-renewal and also appears to be linked to an 
increased in Oct-4 expression in those cells. The size of circular patterns also generates 
important guidance cues in stem cell differentiation where smaller cell colonies had been 
reported to encourage ESCs differentiation through Smad1 signaling [126]. Human ESCs 
have also been cultured to confluency on these circular patterns before detaching them to 
generate embryoid bodies (EB) of defined sizes [127].  
 
2.3.4 In vitro muscles 
A large body of work has also been done on muscle cells for the creation of artificial 
muscle tissues in vitro which will be very useful in physiological studies, tissue 
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engineering, therapeutics and pharmacological applications. To this end, micropatterned 
substrates are able to facilitate the formation of myotubes from myoblasts by effectively 
organizing and aligning myoblasts adhered to these substrates. For example, C2C12 cells 
cultured on vitronectin strips under serum-free conditions experienced heighten 
sensitivity to surface cues and were found to form single myotubes at an optimal strip 
width of 30 μm [128]. Multiple myotubes were formed on wider strips while myotubes 
formation was inhibited in narrow strips of less than 10 μm. By patterning C2C12 
myoblasts on parallel rectangular islands that were highly elongated, myotubes formation 
tends to be more favorable compared to circular islands of the same size or unpatterned 
substrates [129]. The effect of pattern geometry in myotubes formation is further 
examined in a study which compares myoblasts differentiation in line, ring and hybrid 
patterns combining geometrical feature of both rings and lines [130]. The results showed 
that myoblasts on hybrid patterns were shown to exhibit the strongest differentiation 












Chapter 3  












In typical experiments involving micropatterned substrates, cells were seeded on these 
micropatterns by random seeding where single cells in suspension were added directly to 
the micropatterned substrates. The cells were allowed to sink down onto the substrate and 
might or might not adhere depending on where they land. If a cell encountered an 
adhesive region, cell-ECM interaction allowed the cells to be anchored to these regions 
but they remained in suspension otherwise. These events occur in a highly random 
fashion. For quantitative analysis to be carried out in cell studies, a large sample size is 
essential as this would average out any heterogeneity in the cell population. This would 
give a more accurate representation of cell behaviour in general.  
 
In the next two chapters, each bow-tie region and trapezium pattern was designed to 
house exactly one cell. Although random seeding was convenient, the efficiency of 
obtaining micropatterns with the appropriate number of cells at the right locality was 
limited. Usable micropatterns for analysis were rare, especially for the ring arrangement 
of micropatterns used in Chapter 5. In these rings, at least 4 to 6 cells had to be seeded on 
the micropattern consistently in a well-distributed manner. Concentration of seeded cells 
in one section of the ring could still allow cellular rings to be formed via cell migration. 
However, this process may take a long time which could allow some of the cells to 
divide. Although cell division had been successfully harnessed to create cell doublets on 
micropatterns [131], it would not be useful in experiments that require a larger number of 
cells. Taken together, it appears that obtaining micropatterns with the same number of 
cells consistently is challenging, especially if the number of cells required is large. This 
may explain why published work in the literature is generally limited to at most two cells 
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in the pattern. Hence for efficient use of micropattern clusters with more patterns, a 
method to deposit single cells at specific localities in a non-random manner would be first 
presented in this chapter.  
 
3.1.2 Single cell manipulation methods 
To handle single cell in a controlled manner, various techniques are available and more 
are constantly being developed due to an increasing demand for simple and efficient tools 
for single cell manipulation at high-throughput. Micropipettes and optical tweezers are 
established methods for handling single cells but suffer from low efficiency, being only 
able to manipulate one cell at a time. Very recently, two separate research groups have 
independently designed robotic automation platforms to greatly enhance the throughput 
of handling cell with micropipettes [132,133]. Microwells-based platforms with well 
sizes of about 20 µm are also commonly used for the isolation of single cells at high 
efficiency [134]. Instead of singe cell isolation, larger wells had also been used for 
multiple cell confinement although a much reduced efficiency was reported [135,136].  
 
High throughput microfluidic arrays based on dielectrophoresis [137-140] or 
hydrodynamic fluid flow [141-144] are commonly used for trapping single cells in a 
fluidic flow at designated locations. Dielectrophoretic trapping uses a non-uniform AC 
field to electrically polarize suspended particles and the fluid medium. A net force is 
induced on the particles either towards (pDEP) or away (nDEP) from the electrodes 
depending on the dielectric constant of the particle and the medium. For cells in typical 
culture medium, the nDEP or negative dielectrophoretic forces present pushes the cells 
away from high field regions. Taking advantage of these induced forces, cell traps could 
be engineered by surrounding designated locations with electrodes. Notably, 
microelectrode arrays had been integrated with protein patterning to actively trap single 
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cells on protein micropatterns. In this platform, pDEP or positive dielectrophoretic forces 
was utilized instead to trap cells in a sucrose medium [140] which enabled efficient 
coupling of electrodes and micropatterns.  
 
Fluidic flow in a microfluidic channel is typically laminar and its flow path could be 
easily modified by the presence of microstructures such as sieve-like traps [141,142] or 
small side conduits [143,144] via a change in fluid resistance. Hydrodynamic trapping 
makes use of well-designed placement of these microstructures to control the passage of 
suspended cells flowing through the microchannel. Sieve-like traps literally ‘sieve’ out 
single cells when a cell suspension was flowed through them. Many of these traps were 
designed with gaps in them or between the traps and the substrate such that fluidic 
resistance in the trap vicinity could be changed depending on trap occupancy. These 
changes in fluidic resistance divert the fluid flow away from occupied traps and promote 
single cell trapping [141]. Sieve-like trap arrays reported in the literature are usually 
designed in closely packed configurations which are attractive for high-throughput 
trapping and analysis at the single cell level. Alternatively, side conduits incorporated at 
designated location in straight or serpentine-shaped channels diverts cell and fluid flow 
from the main channel. If these conduits were designed to be much smaller than the size 
of the cell, cells could be trapped at these locations. For efficient trapping of single cells, 
the overall fluidic resistances in these channels have to be carefully calculated so that 
fluid flow would bypass occupied conduits.  
 
3.1.3 Design approach 
In this chapter, a cell positioning platform which allowed the controlled positioning of 






enabled high throughput trapping of single cells at specific locations which could be 
coupled to micropatterns for efficient positioning of cells on these patterns. Sieve-like 
traps in a microfluidic channel were aligned onto the fibronectin micropatterns on a 
coverslip with high precision using a self-made alignment fixture attached to a 
fluorescent microscope. Cells suspended in culture medium were loaded into the device 
where single cells were captured by the sieve-like traps on top of the protein 
micropatterns. A gap was designed between the trap and the coverslip to provide space 
for trapped cells to attach and spread on the micropatterns but was designed to be too 
small to allow captured cells from escaping. Once the cell had spread sufficiently, the 
microfluidic channel was removed from the coverslip. This was done to prevent adhered 
cells from being pulled off by any shear forces that might be generated from the removal 
of the microchannel.  Some platforms using dielectrophoresis [140,145,146] to position 
cells on adhesive substrates had also been reported in the literature. When compared to 
the platform proposed in this chapter, dielectrophoretic trapping involved considerable 
trapping forces and require cells to adhere in non-conventional media such as a sucrose 
medium. Also the set up for dielectrophoresis had to be permanently attached to the 
Fig. 3.1. Schematic diagrams showing how single cells could be controllably positioned on 
micropatterns using sieve-like traps in a microfluidic channel. a)  Side view. b) Tilted view 
without the top of the microchannel.  
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substrate which could limit accessibility for high-resolution imaging and subsequent 
manipulation. The cell positioning platform proposed in this chapter also have the 
advantage of being (1) easy to fabricate and set up, (2) compatible to a wide variety of 
micropattern configurations, (3) able to provide significant improvements over the 
current random seeding method, (4) able to preserve cell viability and (5) to facilitate 
further manipulation of the adhered cells and high-resolution imaging.  
 
3.2 Materials and Methods 
3.2.1 Fluid Modeling 
3D computational fluid dynamics (CFD) analysis was carried out to find the optimal trap 
design that could best fulfil the needs of the platform. Sieve-like traps of different designs 
were created and meshed using GAMBIT 2.4.6 (Ansys Inc., 2006) and a value of 5 µm 
was used as the gap size between the trap and the bottom of the simulation space. 
118,888 to 344,235 tetrahedral elements with skewness less than 0.8 were used in the 
mesh and mesh independence was ensured by increasing the mesh number until the 
average flow velocity around the trap differed by less than 0.7% when compared to a 
finer mesh. Flow characteristics around the trap were solved using FLUENT 6.3.26 
(Ansys Inc., 2006) with a value of 2 mm/s for flow velocity at the inlet and iterated until 
convergence of the residuals to a precision of 1-05. A model which allows a two-way 
coupling between the continuous phase and the discrete phase was used in the 
calculations. The continuous phase was given the density/viscosity of water while the 
discrete phase was set to be 15 µm particles with the same density/viscosity injected at an 





3.2.2 Device Fabrication 
Silicon molds for the microfluidic chip were fabricated using typical microfabrication 
processes. 4” silicon wafers were spin-coated with AZ7220 photoresist and a laser-
written glass mask was used to transfer the chip design to the resist via a 16s UV 
illumination and a 1 min development in AZ Developer. The developed photoresist acted 
as a mask to facilitate deep silicon etching of the wafer in selective regions using a Deep 
Reactive Ion Etching-Inductively Coupled Plasma (DRIE/ICP) system (PlasmaLab 
System 100, Oxford Instruments). Wafers were etched to a depth of 25 µm characterized 
by surface profiler (KLA-Tencor) measurements at regions corresponding to the 
microchannel walls. The wafer was then cleaned before silanization with 
heptadecafluoro-1,1,2,2-tetrahydrodecyl trichlorosilane under vacuum for 30 min at 80°C 
in a AVC-150M SAM coater system (SORONA). Microfluidic chips were replicated 
from this mold using PDMS-based soft lithography. The curing agent were mixed 1:10 
with PDMS monomers (Sylgard 184, Dow Corning) and degassed in a vacuum dessicator 
before heat curing in an oven. Curing time and temperature were adjusted to ensure 
minimal deviations of the microfluidic chip from desired dimensions. After curing, the 
microfluidic chip was demolded for use and 1 mm access holes for fluidic tubes were 
punched at the inlet and outlet using a flat cutting tip (Harris Uni-Core™). 
 
3.2.3 Fabrication of micropatterned substrates 
Protein patterning was achieved using a direct photolithographic method modified 
protocols reported in the literature [63]. 25 mm glass coverslips were first cleaned and 
made hydrophilic by immersing them for 15 mins in a piranha solution made by mixing 
concentrated sulphuric acid (Sigma) and hydrogen peroxide (Merck) at a ratio of 3:1. The 
cleaned coverslips were washed thoroughly using DI water and stored in methanol. When 
required for use, the coverslip were rinsed with DI water and dried before being further 
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activated by oxygen plasma for 5 min. Subsequently, 0.1 mg/ml PLL-g-PEG (Surface 
Solutions) was incubated on the activated coverslips for 1 h before it was rinsed off. 
Next, designed micropatterns were transferred to the prepared coverslips by UV exposure 
through a 3” quartz photomask (SnFPC, IMRE). The photomask was first placed under 
UV light for 3 min before use to make it hydrophilic. A 2.5 µl drop of DI water was then 
placed between the mask and the functionalized coverslip, ensuring that no air bubbles 
were trapped. This was done to ensure close contact between the mask and the coverslip 
in the absence of a vacuum system. Photo-activation was carried out for 8 min with a 185 
nm deep UV bulb (Heraeus GUH022-10T5VH). After photo-activation, the patterned 
coverslip was separated from the mask by immersing the mask in DI water. Patterned 
coverslips could be dried and stored on the lab bench for up to 3 days.  When required for 
experiments, the patterned coverslip was immersed in water for 30 mins to rehydrate the 
PEG molecules. After rehydration, the coverslip was dried before incubating with 6 
µg/ml of rhodamine-labelled fibronectin (Cytoskeleton, Inc.) in NaHCO3 buffer for 1 hr, 
followed by incubation with 6µg/ml of native fibronectin (Sigma) for another 1 hr. 
Excess unbounded fibronectin was washed off in each step.  
 
3.2.4 Cell culture and preparations 
HeLa cells were cultured using high glucose Dulbecco’s modified Eagle’s medium 
(DMEM) (Gibco), supplemented with 10% (v/v) fetal bovine serum (Gibco) and 1% 
(v/v) penicillin/streptomycin (PAN). Cells were grown for three days to 90% confluence 
before passaging. Confluent cells were detached from the tissue culture flasks by 
incubation with 1X trypsin-EDTA (PAA) for 15 mins after which the trypsin was 
inactivated by adding an equal amount of medium. The suspension was then centrifuged 
at 1000 rpm for 5 min and the pellet was then re-suspended and re-seeded at 1:10 
dilution. To obtain single cell suspension during experiments, the HeLa cells were 
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detached from the culture flask and pipetted up and down a few times using a fine tip in 
complete DMEM medium. For better results, a 40 µm cell strainer (Becton Dickinson) 
could be used to remove undissociated cells. Cell density was adjusted to 80,000 cells/ml 
for random seeding experiments and 300,000 cells/ml for experiments involving the cell-
positioning platform. When cell nuclei staining is required, , HeLa cells were rinsed twice 
with PBS to wash off the medium before incubation with 2 µM Hoescht33342 dye 
(Invitrogen) diluted in PBS for 20 min. After staining, the unbounded dye was removed 
by rinsing with complete medium. Live/dead staining of cells for assessment of cell 
viability was done using the LIVE/DEAD viability/cytotoxicity kit for mammalian cells 
(Invitrogen) using recommended protocol from the product.  
 
3.2.5 Platform packaging and operation 
To align sieve-like traps in the microfluidic chip to micropatterns at micro-meter 
precision, a self-made alignment fixture attached to a fluorescent upright microscope 
(BX61, Olympus) was used (see Fig. 3.2). The fixture basically consisted of a coverslip 
holder and a microfluidic chip holder that were made from glass slides. The fixture was 
simultaneously illuminated by both fluorescence and bright field to visualize both the 
rhodamine label on the micropattern and the features on the microfluidic chip. In practice, 
the micropatterns were in focus while the iris of the bright field microscope was occluded 
to increase the depth of focus in bright field. For alignment, the patterned coverslip was 
kept fixed by a drop of water while the chip holder was either rotated or translated. 
Rotational alignment was achieved by matching the alignment marks at opposite corners 
of the microfluidic chip with corresponding alignment marks on the micropatterns via a 
manual rotation the chip holder. Translation alignment was achieved by matching the 
traps to the micropatterns via the microscope stage. Once the traps and the micropatterns 
were aligned, the chip and the coverslip could be bonded by lowering the microscope 
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stage. When the microscope stage was lowered, the whole alignment fixture was lowered 
as well. Eventually the chip holder, with its protruding ends, would get caught on the side 
blocks while the patterned coverslip and its holder continued to be lowered. This would 
result in contact between the coverslip and the chip for reversible bonding between them. 
After alignment, 0.02” fluidic tubes were connected to the access holes in the 
microfluidic chip through metal connects made from gauge 20 syringe needles to 
complete the packaging of the microfluidic platform. 
 




Experiments using the microfluidic platform were performed on a temperature control 
stage (Leica MATS) with temperature initially set at 23 °C  and fluid flow through the 
microfluidic platform was powered by a syringe pump (Fusion 200, Chemyx Inc.). 0.2% 
(w/w) Pluronics F-127 (Sigma) in PBS was first flowed into the platform at a flow rate of 
5 µl/min for 30 min to ensure that no air bubbles remained trapped in the microchannel. 
The flow was then stopped for 30 min to incubate the microchannel with pluronics for 
blocking against cell attachment. A flushing step was then carried out by flowing PBS at 
5 µl/min for 1 hr to completely remove any pluronics residues from the platform. 60 µl of 
the prepared single cell suspension was then loaded into the device at a flow rate of 8 
µl/min for cell trapping. A 30 min flushing step was then performed with CO2-
independent medium (Gibco) at 10 µl/min to remove untrapped cells and to replace the 
fluid in the platform with culture medium. After flushing, the flow rate was reduced to 
0.5 µl/min and the temperature of the stage was adjusted to 37° C. Trapped cells were 
allowed to attach and spread on the micropattern for 90 min. After that, the coverslip was 
decoupled from the microfluidic channel and rinsed with PBS before further experiments 
or imaging. Cell trapping and attachment in the platform was imaged under an inverted 
microscope (Leica DM IRB) in DIC mode while rhodamine-labeled micropatterns and 
Hoechst-stained cell nuclei were imaged in epifluorescence mode. Images were captured 
using a colour CCD camera (DC500, Leica) at either 4X or 10X magnifications to cover 
a wide field of view.  
 
3.3 Results and discussion 
3.3.1 Random seeding 
Using random seeding to populate micropatterns with cells is very straightforward but it 
is far from reliable, especially if a fixed number of cells are required to be consistently 
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placed on a cluster of micropatterns in close proximity. For an isolated micropattern, the 
efficiency of finding a single cell on the pattern was reported to be about 40% [147]. 
When a few micropatterns are arranged in a cluster, it would clearly be much more 
difficult for all the micropatterns in the cluster to simultaneously satisfy this condition.  
To quantify this assertion in experiments, clusters of 800 µm2 trapezium patterns 
micropatterns with two to six micropatterns in each cluster (see Fig.3.3.a) were populated 
with HeLa cells by random seeding and the efficiency of obtaining one cell per pattern 
was characterized. This efficiency was termed positioning efficiency after the efficiency  
 
Fig. 3.3. Positioning efficiency in different types of micropattern clusters. a) Micropattern clusters 
with 2 to 6 micropatterns. b) Positioning efficiency for micropattern clusters with 2 to 6 
micropatterns (n = 8). Scale bar depicts 50 μm. Error bars depict S.E. statistics. 
 49 
 
of positioning cells at the right locality (i.e a single cell on top of each micropattern) and 
would be used throughout this chapter. To obtain the positioning efficiency of different 
types of micropattern cluster, the number of clusters with a single cell in each pattern was 
visually counted and this number was expressed as a fraction of the total number of 
clusters analyzed. This process was repeated over 8 independent random seeding 
experiments. The results showed that the positioning efficiency of random seeding 
decreases with increasing number of pattern in the cluster as shown in Fig.3.3.b. 
Positioning efficiency dropped significantly from 16.3% (S.E±1.3) in paired patterns to 
0.3% (S.E±0.3) in 6 pattern clusters. Even though this result is only strictly true for 
trapezium micropatterns in this particular cluster configuration, it is highly probable that 
such a trend also exists for other micropattern designs and cluster configurations. 
 
3.3.2 Flow modeling for optimal trap design 
The presence of a hydrodynamic sieve-like trap in a laminar flow tends to create a region 
of high fluidic resistance around it as seen clearly in Fig. 3.4. Hence, cells flowing 
towards such traps are likely to be diverted away from them, resulting in a large 
proportion of empty traps [141]. To circumvent this problem, cell suspensions with a 
higher cell density could be used but this would instead cause an increase in the number 
of traps with 2 or more cells. For efficient single cell trapping, it would be ideal to 
identify trap design which would facilitate fluid flow through the trap. This was achieved 
through the use of 3D computational fluid dynamics (CFD) analysis. Cup-shaped traps 
reported in the literature were used as a reference and different designs of similar shaped 
traps were created (see Fig. 3.4). In the flow modeling, simulated particles of density 6.67 
particles/µm2 were allowed to flow near the trap and the paths of these particles were 
tracked (see black lines in Fig. 3.4). Fluid flow through the traps or flow efficiency was 
characterized by counting the number of particle tracks that pass through the trap. A trap 
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design that allows more simulated particle tracks to pass through it would possibly 
indicate higher flow efficiency in experiments. The results from the flow modelling 
showed that the 3 block design shown in Fig. 3.4.e was the optimal design, allowing a  
 
 
Fig. 3.4. CFD flow modeling for different trap designs. Particle tracks (black lines) of 
simulated particles of density 6.67 particles/µm overlaid with velocity magnitude contours (red: 
highest, blue: lowest) for different cup-shaped traps. Velocity magnitude contours gave an 
indication of the fluidic resistance in the trap vicinity. a) Reference design with no openings, 6 
particle tracks through trap. b) 1 opening, 14 particle tracks. c) 2 openings, 12 particle tracks. d) 
No corners, 20 particle tracks. e) No corners with side openings, 30 particle tracks. f)  4-piece 






Fig. 3.5. Side pillars in cup-shaped traps and trident-shaped traps for trapping cells for effective 
trapping of single cells far apart and close together. Evaluation on cell trapping efficiency using 
flow modeling. Particle tracks (black lines) of simulated particles of density 1.33 particles/µm 
overlaid with velocity magnitude contours (red: highest, blue: lowest) for different cup-shaped 
traps. (a) Typical compact configuration of sieve-like traps: 8 particle tracks (b) Isolated trap: 5 






maximum number of 30 simulated particle tracks to pass through the trap. The reference 
cup-shaped trap design with no openings shown in Fig. 3.4.a only allowed 6 simulated 
particle tracks to pass through it. Velocity magnitude contours were overlaid with the 
particle tracks to give an indication of the fluidic resistance in the trap vicinity. As similar 
scale bars for the heat maps were used across the different designs, meaningful 
comparisons could be made by comparing the contour colours. For the optimized design, 
fluidic resistance around the trap was observed to be the lowest (See darker blue colour 
map in Fig. 5.4,) compared to the rest of the trap designs. This could account for the 
observed high flow efficiency as simulated particles were less likely to be diverted away. 
 
Arrays of hydrodynamic sieve-like traps reported in the literature appear to be always 
arranged in a compact configuration [141,142]. To determine the impact of array 
configuration, the flow efficiency of an isolated trap was compared to a trap sandwiched 
by 2 adjacent neighbours as shown in Fig. 3.5.a and Fig 3.5b. In the flow modeling, 
simulated particles of density 1.33 particles/µm2 were allowed to flow near the trap and 
the paths of these particles were tracked. Flow efficiency through an isolated trap was 
clearly lower with only 5 simulated particle tracks passing through it as compared to 8 for 
the trap with close neighbours. Hence, arranging sieve-like traps in a compact 
configuration might be crucial for high flow efficiency. However, when micropattern 
clusters are designed for biological studies, a reasonable amount of space between each 
cluster is required to avoid unwanted interactions between cells on different clusters. For 
example, the bow-tie patterns and micropattern ring clusters used in this thesis were 
spaced at least 200 µm away from their next nearest neighbours. Hence, closely packed 
sieve-like traps would not be compatible with these micropattern designs. To allow 
higher flexibility in array configurations, pillars could be designed at both sides of 
isolated traps to mimic closely packed neighbours (see Fig. 3.5c). These pillars would not 
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trap cells but could possibly allowed traps to be designed far apart from each other 
without compromising flow efficiency. From the flow modelling results, the presence of 
these additional pillars indeed recovered the number of simulated particle tracks passing 
through the trap to 9 (see Fig. 3.5c).  
 
On the other hand, cup-shaped traps had to be placed at least 30 µm apart to prevent 
clogging of cells between the traps. However, micropattern clusters are made up of 
patterns in close proximity where cells are needed to be positioned close to one another. 
For example, for the sieve-like traps to be compatible with bow-tie shaped patterns, cells 
are needed to be trapped side by side. To trap cells in close proximity, trident-shaped 
traps were designed. This trap design is a simple merger of two optimized cup-shaped 
design side by side. The centre portion of the trap was replaced with a half-elliptical 
structure which protrudes out from the rest of the trap. The design of this protruding 
structure aims to prevent multiple-cell trapping by allowing cells flowing towards an 
occupied trap to slide off to the sides. The flow modeling results (see Fig. 3.5d) showed 
that the flow efficiency of a trident-shaped trap was comparable to cup-shaped traps, 
similarly allowing 9 particle tracks to flow through each pocket of the trap. With the 
availability of the side pillars design and the trident-shaped trap design, cells could now 
be positioned either closed together or far apart from one another using sieve-like traps. 
This would facilitate the design of trap arrays that are compatible with a wide variety of 
cluster designs with micropatterns arranged in almost any configuration. 
 
3.3.3 Gap between microfluidic traps and the substrate 
The presence of a gap between the sieve-like traps and the substrate is one of the salient 
features of the cell-positioning platform. Firstly, it encourages single cell trapping by 
varying the fluidic resistance in the trap vicinity according to the occupancy of the traps. 
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By preventing contact between any parts of the microchannel with the micropattern, this 
gap also maintains pattern integrity when the microchannel is being peeled off. More 
importantly, it enables trapped cells to spread partially on the micropattern which 
facilitates stronger anchorage to the substrate. This prevents cells from being ripped off 
from the substrate by shear forces that may be generated from the removal of the 
microchannel.  
 
To achieve such a gap, the height of the microfluidic traps should be different from that 
of the main channel. Fabricating features of different heights in PDMS replicas would 
require the corresponding features in the silicon mold to be etched to different depth. This 
is non-trivial and a 2 step fabrication process is typically required where each step etches 
selective regions in the wafer to one of the desired depth. Such a multi-step process is 
tedious and greatly increases the chance of having errors in the fabrication. In this work, 
a simple one-step method was used.  In deep silicon etching, anisotropic etching is 
achieved through the Bosch dry etch process. This process consists of repeated cycles of 
etching and deposition where a protective polymer (e.g. C4F8) was deposited on the 
surfaces of etched regions. When silicon is etched to a significant depth using the Bosch 
process, high aspect ratio features has been shown to be etched slower than features with 
low aspect ratios in a phenomenon named ‘RIE-lag’. In this work, the size of the sieve-
like traps is much smaller compared to the walls of the main channel. Hence, aspect 
ratios of the corresponding features on the silicon would be higher and these features 
would be etched slower under the influence of RIE-lag. In this way, the height of the 
traps would be very different from that of the channel wall.  
 
To visualize this feature size-dependent etch rate, the cross-section of a trident shaped 
trap was observed under SEM as shown in Fig. 3.6.a. The size of the central structure in 
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the trident shaped trap was slightly larger than the rest of the trap and correspondingly, 
this central structure appeared to be higher. Even though the difference in sizes in this 
case was small, it was translated to an observable difference in feature height. With a 
much sizeable difference between the size of the traps and the channel wall, significant 
difference in height between them would be expected. This height difference between the 
sieve-like traps and the channel wall would manifest itself as the gap size between the 
traps and the substrate. An optimal gap size exists where the trapped cells have maximum 
amount of space to spread but are unable to squeeze through the trap during flow. Some 
degree of control on gap sizes would be very helpful as different cell types would likely 
have different optimal gap sizes. A 3-stage model had been proposed to account for the 
effects RIE-lag [148]. From this model, a change in the recipe for the Bosch process such 
as the etch time or deposition time could be used to influence the degree of RIE-lag. This 
change in RIE-lag would be translated to a corresponding change in gap size. In this work, 
some control of the gap size had been achieved by varying the etch time/cycle in the 
Bosch process as shown in Fig. 3.6. Gap sizes were calculated from measurements of the 
height of the traps and the channel walls in 3 separate PDMS microchips casted from the 
same wafer.  Since, the channel walls were etched to slightly different heights with 
different recipes, gap sizes were normalized to the expected sizes when channel wall was 
20 µm high. From the results, it was observed that gap sizes could be increased with a 





3.3.4 Towards high throughput alignment of microfluidic traps to micropatterns 
Accurate alignment of the sieve-like traps to the micropattern is crucial for the cell-
positioning platform to work. Inaccurate alignment might cause cells to be trapped above 
passivated regions in the micropatterned substrate which would result in non-adhesion 
between cells and substrate. The alignment method outlined in the material and methods 
section paired a single trap to its corresponding micropattern and relied on matching 
feature spacing in both arrays to propagate the alignment. The photolithographic method    
of protein patterning faithfully replicates designed feature spacing to micropatterned 
substrates but feature spacing between sieve-like traps had been observed to become 
smaller than designed ones. A small mismatch in feature spacing could result in a large 
misalignment between traps and micropatterns located far away from the point of 
alignment. Hence, this mismatch of feature spacing is highly undesirable in large arrays 
designed for high throughput cell positioning.  
 
Fig. 3.6. RIE-lag from deep silicon etching. a) SEM image of PDMS replica of trident-shaped 
traps. Larger central structure appeared higher than the rest of the trap. (b) Normalized gap size 
as a function of etch time/cycle used in the process recipe (n =3). Gap sizes were measured 
from the 2nd and 4th pillar from left in (a). Gap size normalized to approximately what is 






Heat curing of PDMS had been reported to induce shrinkage depending on the curing 
conditions [149]. To investigate the effect of curing temperature on the shrinkage of the 
microfluidic chip, chip samples were cured at different temperatures ranging from room 
temperature to 80 °C. As the rate of curing is highly dependent on temperature, different 
curing time was also needed. PDMS shrinkage in this study was measured by first 
aligning the alignment marks at one corner of the chip and then measuring the mismatch 
distance between the alignment mark at the opposite corner on the chip and the 
micropattern as shown in Fig. 3.7.a. This mismatch was expressed as a percentage of the 
distance between the alignment marks at both corners. 3 different PMDS microchips 
cured under the same conditions was compared with the same micropatterned coverslip in 
this manner. The results showed that PDMS shrinkage decreases from 1.18% when cured 
at 80 °C to 0.79% at 55 °C (See Fig. 3.7.b). When cured at room temperature for 3 days, 
the PDMS shrinkage was negligible. Though curing the microchips at room temperature 
might seem attractive, large scale cell bebbling was observed when these microchips 
were used for cell positioning. Room temperature curing possibly only resulted in partial 
curing of the PDMS and diffusion of monomers into the microchannel had been reported 
to be detrimental to cell survival [150].  To drive PDMS polymerization to completion, 
microchips cured at room temperature were followed by heat curing at 60 °C for 5 hr. 
Cell bebbling effects were eliminated but a PDMS shrinkage of 0.21% was also observed.  
This shrinkage was smaller than expected values if the PDMS was cured directly at 60 °C.   
 
Taken together, these results suggested that the observed PDMS shrinkage could involve 
both effects due to heat-dependent phase changes (e.g. solvent evaporation and different 
expansion coefficients of silicon/PDMS) and polymerization effects. To eliminate 
mismatch between the traps and the micropatterns, larger spacing between sieve-like 
traps were designed to compensate for PDMS shrinkages. A 1% offset was used in 
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practice and the spacing between traps and micropattern were matched by fine-tuning the 
curing temperature as shown in Fig. 3.7c. Using a 1% design offset and heat curing of the 
PDMS at 60 °C for 5 hr, trap arrays over a 3 mm by 2 mm region had been consistently 




Fig. 3.7. Temperature dependent effects of heat curing on PDMS shrinkage. Microchip 
features in bright field and rhodamine-labeled protein micropattern under fluorescence. a) 
Characterization of PDMS shrinkage. Alignment marks on microchip well aligned with 
micropatterns at bottom left corner. Mismatch measured at the top right corner. Shrinkage 
expressed as a percentage of distance between alignment marks (n = 3).  b) PDMS shrinkage 
cured at different temperatures. c) Fine tuning of curing temperature with a 1% offset in 






3.3.5 Cell trapping statistics 
 
 
To evaluate the performance of the cell-positioning platform, the efficiency of single cell 
trapping using the designed traps was first characterized.  Efficiency of trapping single 
HeLa cells was characterized for cup-shaped traps and the efficiency of pairing them side 
by side was calculated in trident-shaped traps (see Fig. 3.8). HeLa human cervical 
carcinoma cells attach easily and spread rapidly on fibronectin and were identified as an 
ideal cell line for testing. Optimized operation conditions were used for the 
characterizations where a cell suspension of density 300,000 cells/ml was loaded at a 
flow rate of 8 µl/min.  Cell suspensions of lower cell density or loaded at high flow rates 
were observed to preferentially flow along the sides of the microchannel, resulting in 
many empty traps at the channel centre. Higher cell density or lower flow rates tend to 
result in multiple-cell trapping leading to a clogging of traps and eventually the 
microchannel. Cell trapping efficiency was measured after a flushing step by visually 
counting the number of single cells in cup-shaped traps or the number of pair cells in 
trident-shaped traps. Trapping efficiency was then expressed as a percentage of the total 
number of traps in the array. Collapsed traps or traps blocked by impurities were not used 






in the calculations. This process was repeated 3 times in different microchips. The results 
showed a single cell trapping efficiency of 86.2% (S.E.±2.8) in cup-shaped traps and a 
pairing efficiency of 71.1% (S.E.±4.9) in trident-shaped traps. These trapping efficiencies 
are comparable to some of the more efficient trapping methods reported in literature as 





Isolated Cells Paired Cells 
Micropatterns only ~40% ~30%* Yan C et. al., Biomaterials, 2011 
Microwells 84.5% - 92.2%** — 
 Rettig JR et. al., Anal. Chem., 
2005  
Microwells ~50% ~35% Tang J et. al., Biomaterials, 2009 
Positive Dielectrophoresis — 70% Gray DS et. al., Biosens. Bioelect., 2004 
Hydrodynamic Serpentine 
Channel with Side 
Conduits 
85.0% 70.0% Frimat JP et. al. , Lab Chip, 2011 
Hydrodynamic sieve-like 
trap ~55% — 
Di Carlo D et. al., Anal. Chem., 
2006 
Hydrodynamic sieve-like 
trap — ~70% 
Skelley AM et. al., Nat. 
Methods, 2009 
Hydrodynamic sieve-
like trap 86.2% 71.1% This work 
* Represents a large pattern to accommodate 2 cells, not to be confused with 2 smaller 
patterns designed for 1 cell each 
* *Efficiency varies depending on cell line used 
 
 
3.3.6 Pair-wise cell positioning 
Having established that the designed sieve-like traps could trap cells at good efficiencies, 
trident-shaped traps were coupled to bow-tie patterns to evaluate the overall performance 
of the cell positioning platform. These bow-tie shaped patterns were similar to the ones 
used in Chapter 4 where a single cell is required to be positioned on each bow-tie region. 
Table 3.1. Comparisons of single cell trapping and cell pairing efficiency in designed sieve-





The use of trident-shaped trap that could trap single cells side by side would be ideal for 
this purpose. A proof-of-concept demonstration was shown in Fig. 3.9.a. Trapped cells 
was clearly observed to spread on the micropattern underneath the microfluidic trap. This 
showed that the presence of a gap between the trap and the substrate indeed allowed cells 
to spread on micropatterns and could be important for the platform to work. After the 
microchannel was decoupled from the coverslip, the positioning efficiency of the 
platform was characterized. Characterization of positioning efficiency was performed on 
platforms with an optimized gap size of 6 µm between the trap and the substrate. When 
the gap size was less than 5 µm, the cells remained rounded on the micropattern and most 
of them were detached during the removal of the microchannel. Similar to what was done 
for random seeding, the number of bow-tie patterns with a single cell in each bow-tie 
region was visually counted and this number was expressed as a fraction of the total 
number of patterns analysed. This process was repeated 3 times. The results showed that 
a positioning efficiency of 67.0% (S.E±3.0) could be achieved for array of 150 bow tie 
patterns in staggered configuration. This was a slight decrease from the 71.1% trapping 
efficiency recorded for trident shaped traps which suggested that not all the trapped cells 
eventually remained on the micropattern (see Fig. 3.9.b). The trapping of non-viable cells 
or cell attachment to PDMS traps could be some plausible explanations. Shear forces 
from the removal for the microchannel could also have pulled off some of the cells that 
were not well-adhered. However, the numbers showed that more than 95% of the trapped 
cells could be retained. Random seeding experiments were also performed on bow-tie 
patterns in an identical array (see Fig. 3.9.c). The results showed that a positioning 
efficiency of only 17.1% (S.E±2.1) was obtained by 3 independent random seeding 
experiments. This translates to a 4-fold improvement in positioning efficiency through 






Fig. 3.9. Cell positioning on bow-tie shaped micropatterns. a) Proof of concept 
demonstration of cell positioning. Scale bar depict 20 µm. b) Comparing cell trapping 
efficiency of trident shaped traps and positioning efficiency of platform (n = 3).  
Differences indicate not all the trapped cells eventually remained on the micropattern after 
removal of microchannel. c) Representative regions showing positioning using cell 
positioning platform (top) and random seeding (bottom). Black box indicates pattern with 
well positioned cell pair, white box for other patterns. Scale bar depicts 200 µm. d) 
Comparing positioning efficiency of platform and random seeding. 4-fold improvement 






As positioned cells were exposed to a variety of mechanical forces during the operation 
of the platform, there was a need to confirm the viability of these cells. HeLa cells were 
either positioned using the platform or randomly seeded on fibronectin-coated coverslips 
without patterns. Characterization of cell viability was based on both live/dead staining 
and the morphology and proliferation rate of adhered cells over a 4-day period. For 
live/dead staining, cell viability kit was used which stained live cells green and dead cells 
red. In 3 independent experiments, 94.3 % (S.E±0.7) of the cells were found to be viable 
when positioned using the platform. Using similar methods, the viability of cells directly 
seeded on the fibronectin-coated coverslips was found to be 97.6% (S.E±0.8). This drop 
of 3.3% in cell viability could be considered as acceptable. The morphology and 
proliferation rate of adhered cells were assessed using phase-contrast images of the same 
representative region taken on the 1st, 2nd and 4th day after cell attachment. The results 
showed that cell morphology were comparable for both cells positioned by the platform 
and randomly seeded cells (see Fig. 3.10). The number of cells in the representative 
region was visually counted immediately after attachment and again after 4 days. A 
comparable proliferation rate was also obtained where the cells increased by about 7.5-
fold in both cases. Taken together, these results suggest that cell positioning using the 





3.3.7 Cell positioning on a 6-pattern ring 
To assess the performance of the cell positioning platform in larger micropattern clusters 
containing more patterns, cell positioning was also demonstrated on micropatterns 
arranged in a ring configuration. These micropattern rings were similar to the ones 
described in Chapter 5 but in this case a hexagonal ring comprising six 800µm2 
trapezium-shaped patterns was used. As a spacing of 30 µm was required between cell 
traps to prevent clogging between traps, limited space was available within the 
Fig. 3.10.  Assessment of cell viability.  (a) Live/dead staining on cells. (i) Cells positioned 
using the platform. Green: viable cells, red: dead cells. (ii) Comparison of viability staining 
between cells randomly seeded (n = 3) on fibronectin coated coverslips and cells positioned 
using platform (n = 3). (b) Cell morphology and proliferation rates in a representative region.  
Scale bars depicts 100 µm. Error bars depict S.E. statistics 
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micropattern ring for trap placement. In this case, the use of trident-shaped traps for the 
trapping of cells in pairs would be useful for optimizing the use of available space. Due 
to the geometry of the ring, cup-shaped traps were needed to trap two of the required 
cells individually. In Fig. 3.11.a, a combination of trident-shaped and cup-shaped traps 
was shown to position 6 single cells nicely on top of the micropattern ring.  
 
Positioning efficiency using the platform was also characterized for 6-pattern rings 
following similar procedures employed for bow-tie patterns. Fig. 3.11.b showed adhered 
cells in a ring configuration after the microchannel was removed. A good number of rings 
were shown to contain exactly 6 cells which were well-distributed within the rings. Fig. 
3.11.c. confirmed that these adhered cells were indeed properly positioned on the 
micropatterns with one cell residing on each pattern. Overall, 16.7% (S.E±0.7) of the 
patterns analysed was found to contain properly positioned cells in 3 independent 
experiments. When this result was compared to the 0.4% (S.E±0.2) positioning efficiency 
obtained using random seeding (n = 3), a highly significant 40-fold improvement was 
achieved through the use of the cell positioning platform (see Fig. 3.11.d). Taken together 
with the results for bow-tie patterns, it was clear that the advantages of using the cell 







3.3.8 Platform variants: Heterotypic cell pairing 
The use of sieve-like traps in the cell-positioning platform allowed trap design to be 
modified easily without significant disruptions to platform operation. In this chapter, cell 
positioning using similar principles had been demonstrated with traps of two very 
different designs serving distinct purposes. Also, integration of these traps could be 
accomplished with ease as demonstrated by the combination both trident-shaped traps 
and cup-shaped traps for trapping cells on micropattern rings. This flexibility in trap 
design and the seamless integration of different trap types could be attractive for the 
Fig. 3.11. Cell positioning on micropattern rings. a) Combination of trident-shaped traps and 
cup-shaped traps for cell trapping on micropattern ring. Scale bar depict 50 µm. b) Phase 
image showing adhered cells positioned by platform on micropattern rings. Scale bar depict 
300 µm c) Adhered cells were properly positioned on micropatterns. Scale bar depicts 50 µm. 
d) Comparing positioning efficiency of platform and random seeding (n = 3). 40-fold 






design of platform variants performing their own unique functions. Here, a platform 
variant capable of pairing single cells from two different cell populations is introduced.  
Some cell types, in particularly hepatocytes and endothelial cells, had been reported to 
exhibit very different functional and morphological behaviour when co-cultured with 
other cells such as fibroblasts and carcinoma cell lines in vitro [151]. This observed 
behaviour of co-cultured cells is thought to be closer to the in vivo situations. Although 
random co-culturing of different cell types in confluent monolayers is not new, there is a 
growing interest to develop methods to engineer controllable heterotypic cultures [152], 
in particularly at the single cell level [144,153,154]. These methods of single-cell 
manipulation were designed and developed specifically for heterotypic cell pairing but a 
simple modification in the layout of cup-shaped traps could also allow the platform 
variant to perform the same function.  
 
In this platform variant, cup-shaped traps were designed in pairs with one trap rotated 
180° compared to its neighbour as shown in Fig. 3.12. Cells flowing through a pair of 
these traps can only be effectively captured by the trap that is orientated in correct 
direction. For a proof-of-concept demonstration of the platform variant, the platform was 
set up as before using microchips with the new design. Pairs of cup-shaped traps were 
coupled to bow-tie shaped patterns with one trap in each bow-tie region. Unstained HeLa 
cells (1st cell population) were first flowed into the channel from the inlet and single cells 
were only captured in one of the paired traps as shown in Fig. 3.12.a. The trapped cells 
were then allowed to adhere and spread on the micropattern. Next, Hoechst-stained HeLa 
cells (2nd cell population) were injected into the channel from the outlet (see Fig. 3.12.b). 
Since the flow was reversed, stained cells could now be captured in the other trap as 
shown in Fig. 3.12.c. The flow rate used for cell trapping was relatively low and 
insufficient to detach unstained cells that had already spread on the micropattern. As 
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before, the microchannel was removed after the stained cells had adhered, leaving a 
heterotypic pair of stained and unstained cells positioned side by side as confirmed by 







Fig. 3.12. Heterotypic cell pairing. Paired cup-shaped traps with one of them rotated 180° compared to 
its neighbor a) Unstained HeLa cells injected from the inlet. Cells were captured in only traps 
orientated in the right direction. b) Trapped cells allowed to spread on micropattern. c) Hoechst-stained 
HeLa cells injected from the outlet. Cells could now be captured in the other trap. d) Pairing of stained 







In this chapter, a cell positioning platform to position single cells controllably on 
fibronectin micropatterns had been introduced. The microfluidic chip at the heart of this 
platform could be easily fabricated by soft lithography from a silicon mold which in turn 
was produced by a straightforward one-step microfabrication process. The microfluidic 
chip was aligned to the micropatterned substrate using a homemade alignment device and 
could also be easily detached after positioning for imaging and subsequent experiments. 
By designing both trident-shaped traps and pillars at the side of the sieve-like traps, 
single cells could be trapped close to and far apart as desired, making the traps 
compatible to a wide range of micropattern configurations. Cell viability was also found 
to be largely preserved after going through the positioning process in the platform. 
 
A 4 fold improvement in positioning efficiency was observed on paired micropatterns 
when using the platform as compared to random seeding and a highly significant 40-fold 
improvement was recorded for 6-pattern rings. Heterotypic cell pairing had also been 
demonstrated. Hence, this cell-positioning platform could potentially be an attractive 
technology to allow highly efficient use of micropattern clusters to study multi-cellular 
dynamics or the design of sophisticated micropattern clusters containing different 








Chapter 4  
Motility of Geometrically Constrained 





Cell motility has been observed and studied in various possible modes and cellular scale, 
each exhibiting unique forms and features that are very different from one another. Cell 
migration is the most commonly studied form of cell motility for adherent mammalian 
cells where polarized cells are thought to move by a threadmilling mechanism involving 
membrane extensions at the leading edge and retraction of the cell body at the rear. 
Besides actual displacement of the cells, cells which are confined by geometrical 
constraints have also been observed to move among one another in the epithelial cell 
sheet without disrupting the tissue integrity. In some cases, the movement of the 
epithelial cells is observed to resemble persistent rotation in a particular direction. This 
was more commonly observed in vitro on substrates with micropatterned proteins, for 
example in cell pairs confined on micropatterns [126, 155]. In larger circular patterns 
containing hundreds to thousands of cells, the rotational persistence appeared to depend 
on cell density, pattern size and epithelial characteristics of the cells [122]. These 
rotational movements were also observed in 3D cell clusters embedded in gels where the 
rotational motion was thought to be important for the assembly of the ECM matrix [156], 
the establishment of epithelial tissue polarity [157] and the organization of spherical 
tissue architecture [158]. In vivo, persistent rotational motion is less common, but unique 
cases have been reported particularly during Drosophila morphogenesis for example 
during follicle epithelium elongation in oogenesis [159], at the onset of border cell 
migration in the ovary [160] and during ommatidal cluster formation in the Drosophila 
eye [161].  
 
Apart from undergoing a persistent rotation, constrained epithelial cell clusters also tend 
to rearrange themselves to remodel tissue shapes during morphogenesis. In this case, cells 
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are constrained by strong inter-cellular adhesion deep in the tissue layer and cell 
rearrangement can generally occur without disruption of the integrity of this tissue layer. 
A typical example of cell rearrangement is observed in convergent-extension where the 
cells move between one another and exchange neighbors in a process termed cell 
intercalation. This process is conserved across several morphogenic systems ranging 
from the antero-posterior elongation of the mesoderm during Xenopus gastrulation [162] 
to the tube extension of the respiratory system during D. melanogaster morphogenesis 
[163]. A second prominent example is invagination where a localized constriction of the 
apical surface of cells within the epithelium is perpetuated into a resultant buckling in 
that section of the epithelium such as that observed during the initiation of Drosophila 
tubulogenesis [164]. In comparison, the rotation of a pair of cells confined on 
micropattern could be seen as a scaled down version of these tissue-level rearrangements 
where the only possible form of rearrangement is for the cell pair to exchange position 
with each other.  
 
Cell rearrangement has been found to be dependent on highly polarized tissues generated 
by the timely expression of process-specific genes at precise locations in the tissue. 
However, exactly how this molecular patterning over time and space drives the 
movement of cells is currently still under investigation. In cell intercalation, cell-cell 
junctions of a selected region of hexagonal cells must first be shortened to form multi-
cellular rosettes before the junctions are lengthened again in the transverse direction to 
reform the hexagonal cell shape. Based on results currently available, this remodeling of 
the cell junction is thought to be dependent on the interplay between the expression of 
cell-cell adhesion molecules which extends the cell junction and cortical tension which 




Minimal model experiments involving micropatterned cell pairs which represent cell 
clusters formed in the simplest way possible have been reported. In an early study 
investigating how persistent rotation of a cell pair is highly cell-type specific, the authors 
concluded that both the persistence time of unpatterned cells in random walk and the 
quality of cell-cell contact are important parameters for persistent rotational motion [155]. 
Pair-wise rotation of cells also appears to be dependent on glucose concentration in the 
culture medium [166]. Under low glucose conditions, cell rotation appears to be slower 
probably due to a lack of ATP to power actin polymerization. More recently, the presence 
of ECM at the cell-cell junction was found to encourage cell motility [131]. The authors 
observed that the cell-cell junction of a cell pair preferentially orientated itself to stabilize 
at regions devoid of ECM. By using traction force microscopy, it was also observed that 
when the cell-cell junction resides on a region without ECM, less tension was 
experienced by the cell pair along the direction perpendicular to the cell junction. This 
reduction in perpendicularly-oriented tension would be correspondingly balanced by a 
decrease in cell-cell forces that might account for the spatially stabilized cell pair. 
 
In the case of cells migrating freely in isolation or as a collective sheet, the physical 
parameters governing their migration modes had been substantially studied [105-109, 
119-123]. However, for a constrained cell cluster, more work needs to be done to 
understand the rules that physically govern cell motility. In this chapter, bow-tie 
micropatterns were designed to unravel how individual cell area, cell-cell contact length 
as well as the cell shape can govern the motility of these cell pairs. The physical 
principles obtained using these two cell experiments would then be further verified in 3-




EpH4 murine mammary gland epithelial cells were chosen to be used for the studies in 
both chapter 4 and 5 because they are known to form tight cell-cell contact which could 
even be highly visible in bright field without fluorescence staining. This cellular property 
would allow multi-cellular dynamics to be observed conveniently in experiments without 
too many of the cells breaking their contacts and behaving as isolated cells. There are 
also some evidences to suggest that epithelial resealing by actomyosin-based contraction 
appears to be restricted to only cell-types with strong cell-cell contact [38]. 
 
4.2 Materials and Methods 
4.2.1 Cell culture and preparation 
Micropatterning was performed using the photolithographic method as described in 
Chapter 3. For the protein incubation step, the pattern coverslip was incubated with 
20µg/ml of fibronectin (Sigma) in 0.1M NaHCO instead. EpH4 cells were cultured and 
prepared in the same way as HeLa cells as described in Chapter 3. 2 ml of EpH4 cell 
suspension with a cell density of 100,000 cells/ml were added to the patterned coverslip 
in a 35 mm petri dish and incubated in standard cell culture conditions for 30 min. After 
the incubation time had elapsed, the excess cells were rinsed off using serum-free DMEM 
medium supplemented with only 1% (v/v) penicillin/streptomycin (PAN) and allowed to 
spread in standard culture conditions for 12 hrs. The use of serum-free medium ensures 
that the cells can spread fully on the micropattern and adopt the desired shape. For better 
cell spreading, the patterned cells could be treated with 20 µM blebbistatin for 1 hr before 
allowing to spread.  Both serum-free medium and blebbistatin reduces cell contractility, 
promoting cell spreading [167] and may even prevent protein from being pulled off the 
substrate. After the cells had fully spread on the micropattern, the serum-free medium 
must be replaced by complete medium before further experimental steps. This was done 
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by aspirating the serum-free medium in the petri dish on one side while simultaneously 
adding fresh complete medium on the other side of the dish. This was done to prevent the 
coverslip from drying due to the hydrophobic PEG surface. To stain the cell nuclei, 
similar protocol was followed as described in chapter 3. For drug treatment, drug powder 
was dissolved in DMSO and diluted to the required dosage in complete medium. A dose 
of 1 µM or 2 µM was used for Y27632 (Sigma) and ML7 (Sigma) treatment while a dose 
of 1 nM was used for Calyculin A (Sigma).  
 
4.2.2 Quantification of focal adhesion density 
For immunofluorescence staining, coverslips with fully spread cell pairs on the 
micropatterns were first washed twice with PBS containing Ca2+ and Mg2+ to remove any 
serum residues. The cells were then detergent extracted using 0.01% Triton-X-100 in 
cytoskeleton buffer (10 mM MES, 138mM KCl, 3 mM MgCl, 2mM EGTA) for 1 min 
and immediately fixed using 3% paraformaldehyde (Sigma) for 10 min. The coverslips 
were then washed twice with PBS for 5 min. Following which, cells were permeabilized 
using 0.3% Triton-X-100 for 10 min and then washed twice again with PBS for 5 min. 
The cell nuclei and actin filaments were stained with 2 µM Hoescht33342 dye 
(Invitrogen) and Alexa Fluor 594-tagged phalloidin (Invitrogen) (diluted 1:800) in 
blocking buffer (PBS with 1% BSA and 0.2% Tween-20) for 60 min. Next, the coverslips 
were incubated overnight at 4 °C with a primary rabbit antibody for phoshorylated 
paxillin (Abcam) diluted 1:200 in the blocking buffer. After that, the primary antibody 
was thoroughly washed off using PBS containing 0.2% Tween-20 before the coverslip 
was incubated for 60 min with Alexa Fluor 488-tagged anti-rabbit polyclonal antibody 
(Invitrogen) diluted 1:500 in PBS. The secondary antibody was again thoroughly rinsed 




For the quantification of focal adhesion density, epifluorescence images of the cell pairs 
were taken at 60X magnification. The images were then processed using the ImageJ 
software. Background fluorescence was first removed using the ‘Subtract Background’ 
function before the image was binarized with the immunofluorescence stains appearing 
white. The total areas of the immunofluorescence stains in each cell pair were measured 
using the ‘Analyze Particles’ function with a minimum particle size of 0.25 µm2.  
 
4.2.3 Time-lapse imaging 
Time-lapse imaging of live cells on micropatterns was taken over a 6 hr period at 10 mins 
time intervals using the BioStation IM-Q system (Nikon). The cells were maintained 
under standard culture conditions during imaging. Images were taken under both bright 
field illumination and 340-380 nm (UV range) excitations using the in-built cooled CCD 
camera at either 10X or 20X magnifications. Exposure time was kept low at 20 s for 
illuminated light and 8 s for the UV light to minimize photo damage to the cells. A 5mm 
by 5 mm imaging area can be probed automatically by the system using a motorized 
stage. Micropattern arrays were designed to be compatible with this imaging window to 
allow up to 1,000 patterns to be imaged in one experiment. For drug treatment studies, 
the cells were exposed to the drugs for 30 mins prior to commencement of imaging and 
also throughout the whole imaging period of 6 hrs without any drug washout.  
 
4.2.4 Measuring the orientation of the nucleus-nucleus axis for cell pairs 
Following the paper investigating the effect of ECM at the cell-cell junction on cell 
motility [131], the nucleus-nucleus axis, θ was also used to measure the relative position 
of the cell pair. A flow chart showing the steps to measure θ from raw images is shown in 
Fig. 4.1. From raw images obtained from the BioStation IM-Q, patterns that did not fulfill 
any of the following three criteria at any time point were immediately discarded: (1) 
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patterns must contain exactly two cells, (2) cells must spread fully on the patterns and (3) 
cell-cell contact between the two cells must be maintained. The third criterion was judged 
visually based on the cell-cell contact itself which was highly visible under phase contrast 
for EpH4 cells and also from the movement of the cell pair which should appear to be 
collective. For the remaining patterns, the corresponding time lapse images showing the 
nuclei of the cell pair under UV excitation were also obtained. The nucleus-nucleus axis 
was denoted as the line connecting the center of the two cell nuclei. The orientation of 
this axis, θ was calculated from position coordinates of the cell nuclei using simple 
trigonometry. In this chapter, θ was taken to be the anti-clockwise angle (to the nearest 1°) 
from the horizontal in the range -90° < θ < 90°. For high throughput quantification of θ 
over the entire imaging period, the position coordinates of the cell nuclei was located 
automatically using the CellProfiler software [168]. The coordinates of the nuclei center 
are then exported to Excel (Microsoft) for the calculation of θ and other downstream 
calculations. When calculating θ from position coordinates of the cell nuclei, the result 
must be corrected for the overall tilt of the pattern array from the horizontal. This tilt in 
the pattern array could be measured accurately from wide field images that are obtained 
by stitching all the images obtained from the whole 5 mm X 5 mm imaging area. This 
parameter θ was used to represent the relative orientation of one cell with respect to its 
neighbor and had been used recently to study the effect of ECM on the spatial stability of 
cell junctions [131]. For example when θ = 0°, it meant that the two cells are orientated 
side by side. When a graph of θ against time was plotted, a jump in the graph could be 
observed when the cell pair switches position on the bow-tie pattern as seen in Fig. 4.2.b 












Fig. 4.2. Rotating cell pair on bow-tie shaped micropattern. a) Design of bow-tie shaped 
pattern. b) Time lapse image of a cell pair rotating on A1000 CL 30 bow-tie pattern. c) Plot 
of θ against time. The jump in the graph represents an exchange in the position of the cells 
on the pattern as shown in b) at the 300mins time point. d) Summation of θ frequency in the -
10° < θ < 10° region to compare cell pairs of the same shape. Scale bar depicts 20 μm.  
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4.2.5 Naming conventions for bow-tie patterns 
Bow-tie shaped patterns of different geometries were used to physically constraint a pair 
of EpH4 cells. When the pair of cells was seeded on these micropatterns, the passivated 
background of PLL-g-PEG molecules prevented cells adhesion and hence, the cells did 
not spread beyond the patterned region. This effectively restricted the total area of the 
cell pair to the area of the bow-tie pattern. The two cells are observed in most cases to 
share the available area equally.  Therefore, the area of a single cell on the bow-tie 
pattern could be controlled approximately by the area of a single bowtie region as 
depicted by A in Fig. 4.2.a. Apart from restricting the cell spreading area, the length of 
the cell-cell contact can also be controlled to some degree by varying the length of the 
constriction in the bow-tie. At θ = 0°, the contact length is at a minimum. This contact 
length at θ = 0° is depicted by CL in Fig. 4.2.a. By fixing the angle at which the bowtie 
diverges from the constriction at 112° for all bow-tie pattern designs, the geometry of the 
bow-tie pattern could be fully described by using only the A and CL values. In this 
chapter, the rotation potential of cell pairs on bow-tie patterns designed with different A 
and CL was quantified. Bow-tie patterns are named using A and CL according to their 
corresponding area and contact length. For example, a bow-tie pattern that restricts the 
single cell area to 1000 µm2 and the contact length at θ = 0° to 30 µm is named A1000 
CL30. A plateau region of width 6 μm was incorporated into pattern design as shown in 
Fig. 4.2.a. This plateau region might be filled with or devoid of ECM to verify the effect 
of ECM on the motility of constrained cell pairs with what was reported in the literature 
[131].  
 
4.2.6 Characterizing cell pair rotations 
Cell pair rotations were characterized in three ways. To average out heterogeneity in the 
cell population, results from at least 50 cell pairs were used in these characterization 
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methods. In the first method, an average rotation speed was calculated over 6 hour using 
only rotations where the cell pair moved away from θ = 0°. This could be represented by 
Δθt/θt > 0 where θt  denoted θ at time t min and Δθt denoted the difference between θt and 
θt+10. This average value would be a numerical representation of the potential for cell 
pairs to rotate. The second method characterized the directional bias of the cell rotations. 
For cell rotations away from θ = 0°, rotations where Δθt  > 0 were considered anti-
clockwise rotations while rotations where Δθt  < 0 were considered clockwise rotations. 
The directional bias of the rotations was calculated by measuring the average frequency 
of anti-clockwise rotations. In a randomly rotating cell pair, this frequency should be 
50%. The first two methods were used for comparing between bow-tie patterns of 
different shape, size or arrangement. An upper and lower limit of -10° < θ < 10° was set 
for the θ used when calculating the average rotation speed to ensure that the shape and 
contact length of the cell pair do not vary significantly from the bow-tie pattern. The third 
method of characterization was used to compare the effect of ECM on cell motility where 
cell pairs are confined to regions of the same shape and size. Hence, data from the full 
range of -90° < θ < 90° was used instead.  In this method, a summation of the frequency 
of θ in the -10° < θ < 10° region was calculated (see Fig. 4.2.d).  This summation 
represents the probability of the finding a cell pair orientated in the -10° < θ < 10° region. 
Cell pairs that frequently orientate themselves within this region were regarded as having 
low spatial motility. 
 
4.2.7 Measuring the configuration index of  3-cell clusters 
A flow chart showing the steps to measure α from raw images is shown in Fig. 4.3. When 
three cells are seeded on circular patterns, a configuration index, α could be used to 
numerically characterize the configuration of the cells with respect to one another. Firstly, 
the patterns to be analyzed were manually selected according to cell number, cell 
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spreading and cell-cell contact similar to the situation for cell pairs. Also, following what 
was done for cell pairs, the configuration of the cell nuclei were used to represent the 
configuration of the cells. In this case, a triangle was fitted to the cell nuclei using the 
center of each nucleus as one of the triangle vertices. In this way, the dimensions of the 
triangle could be easily obtained from the position coordinates of the three cells’ nuclei. 
An inscribed circle was then drawn in the fitted triangle and the area of the circle was 
calculated from the triangle dimensions. When the three cells’ nuclei were positioned in a 
perfectly symmetrical configuration, an equilateral triangle would be fitted which gives 
the largest inscribed circle. Hence, the idea here was to use the area of the inscribed circle 
to give a numerical characterization of the configuration of the three cells’ nuclei. Since 
only the relative position of the cell nuclei with respect to one another was important, this 
area is normalized to the area of the triangle to give α0. α is given by α = α0/0.6046 to set 
the maximum value of α to 1 for convenience. High throughput characterization of the 
cell configuration was also done using the CellProfiler software for measuring nuclei 










Fig. 4.3. Measuring the configuration index, α of a 3-cell cluster.  
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4.3 Results and discussion 
4.3.1 Experimental approach 
The experimental approach was derived from preliminary observations. Confined cell 
pairs had been shown in experiments reported by other groups to readily rotate on square 
patterns [131, 155].  From preliminary results, when a cell pair is seeded on a bow-tie 
shaped pattern and imaged over a 6-hour period, similar rotational motion was also 
observed as shown in Fig. 4.2.b. In these rotating cell pairs, the parameter θ had been 
used to denote the orientation of the nucleus-nucleus axis which represented how the two 
cells were positioned relative to one another. A closer look at the distribution of θ showed 
that the cell pair on bow-tie patterns (number of patterns analysed, n = 58) preferentially 
orientated themselves at low |θ| values while cell pairs seeded on highly symmetrical 
patterns such as a circle (n = 67) did not show any orientational preference (see Fig. 
4.4.a). This difference in the manner at which cell pairs orientated themselves could be 
attributed to how cell shape and the cell-cell contact length were varied with the rotation 
of a cell pair. For cell pair rotation on circular patterns, the cells remained close to a 
semi-circular shape while the cell-cell contact length remained constant with the diameter 
of the circular pattern. However, for cell pair rotation on bow-tie patterns, very 
significant changes in cell shape and cell-cell contact length occurred as shown in Fig 
4.4.b. Although the orientation of the nucleus-nucleus axis would not be strictly 
perpendicular to the cell-cell contact, there appears to be a positive correlation between 
the two. Due to the confinement of the cell pair in the bow-tie pattern, the cell-cell 
contact length was expected to be longer at larger |θ| values and vice versa.  Besides this 
tendency of cell pairs to orientate at low |θ|, the orientational preference was observed to 






Many attempts at describing the physical mechanism governing cell rearrangement had 
been reported using computational models where a shift from a state of mechanical 
equilibrium was sufficient to induce cell movements [169,170]. Similar approach was 
used in this chapter to investigate the effect of cell geometry on the rotation of confined 
cell pairs. Using a cell pair as a minimal model system for confined cell clusters, the 
potential for cell pairs to rotate on bow-tie patterns of different geometries was quantified.  
Three rotation modes were observed to exist for cell pairs on bow-tie shaped patterns as 
Fig. 4.4. Orientational preferences of cell pairs on different shapes. a) Frequency of θ for cell 
pairs on i) bow-tie pattern (n = 58) and ii) circular pattern (n = 67). Schematics of micropattern 
used are shown on the left in red. b) Significant changes in cell shape and contact length as 
cell pair rotates on bow-tie shaped patterns. Nuclei are represented by blue ovals, cell-cell 
contacts by green lines and cell body is shown in yellow. Scale bar depicts 20 μm. 
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shown in Fig. 4.5.a. In the first mode, cell pairs rotated away from the θ = 0° equilibrium. 
The second mode was a recovery rotation towards the equilibrium and could be 
represented by Δθt/θt < 0. The last rotation mode occurred when cell pair remained 
stationary as represented by Δθt/θt = 0. As the potential for cell pairs to rotate is a 
measure of how easy it would be to physically perturb the cell pair away from their 
equilibrium position, only the first rotation mode would be considered in the 
characterization of rotation potential. 
 
4.3.2 Effect of contact length and area 
To further investigate how the distribution of θ for cell pairs on bow-tie patterns varied 
with changes in contact length , the distribution of θ was measured for bow-tie patterns 
Fig. 4.5. Rotation modes of cell pairs. a) Different rotation modes of cell pairs. Nuclei are 
represented by blue ovals. Nucleus-nucleus axis at time t represented by black solid lines and 
at time t-10 min by black dotted lines. Only rotation away from equilibrium was considered 
for quantification of rotation potential. b) Frequencies of cell pairs rotating away from 
equilibrium, recovery and stationary for three typical bow-tie pattern designs. 
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with CL = 20 µm (n = 53), CL = 30 µm (n = 60) and CL = 40 µm (n = 70) . The single 
cell area A was kept constant at 800 µm2. As mentioned previously, the orientation of the 
nucleus-nucleus axis would not be strictly perpendicular to the cell-cell contact but there 
appears to be a positive correlation between the two.  For a simplified approximation of 
contact length variations, the cell-cell contact length were assumed to be perpendicular 
oriented to the nucleus-nucleus axis ie. |θ| + 90°. Also they were assumed to be perfectly 
confined within the patterns with no significant membrane ‘bridges’ spanning across 
unpatterned regions. This was found to be generally true for most cases other than highly 
concave region at the center of the A800 CL40 bowtie pattern. Expected contact length 
variations at 10° intervals were measured from the different bow-tie patterns. At θ = 0°, 
expected contact length was estimated by the line bisecting the bow-tie pattern as shown 
in Fig. 4.6.a. The length of this line is equal to the CL value. The expected contact length 
at higher θ was estimated by first rotating this bisecting line anticlockwise by θ and then 
adjusting the length of the line till both ends touches the boundary of the bow-tie pattern 
as shown in Fig. 4.6.a. These expected contact length are then normalized to their 
respective CL values for meaningful comparisons between different types of bow-tie 
pattern. In all patterns, the normalized contact length first increases as θ increases until a 
maximum at about θ = 40° and then falls gradually (see Fig. 4.6). Comparing the bow-tie 
patterns A800 CL20 and A800 CL30, it was observed that changes in the normalized 






Fig. 4.6. Effect of contact length variations on the distribution of θ. a) Measurement of 
expected contact length. b) Effect of contact length variation on the distribution of θ for cell 
pairs on A800 CL20 (n = 53), A800 CL30 (n = 60) and A800 CL40 (n = 73) bow-tie 
patterns. Contact lengths are normalized to CL values. Scale bar depicts 20 μm.  
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distribution of θ was mainly confined to a sharp peak in the region of -10° < θ < 10° for 
the A800 CL20 pattern compared to a more gradual peak in the region of -30° < θ < 30° 
for the A800 CL30 pattern. Also, almost negligible amount of cell pairs were found to be 
orientated at θ > 10° for the A800 CL20 pattern while a small number of cell pairs could 
still be found orientated at θ > 30° for the A800 CL30 pattern. Interestingly, for patterns 
where CL = 40 µm, the cell pairs tend to orientate themselves perpendicularly to the 
pattern. Besides having a value of close to 1 for the normalized contact length at |θ| = 90°, 
this anomaly could also be accounted for by the formation of significant membrane 
‘bridges’ across the concave region at the center of the pattern which increases the 
contact length at small |θ| values. As shown in Fig. 4.6, the membrane ‘bridges’ caused 
the cell pair on the A800 CL40 pattern to deviate from a bowtie shape.  This set of results 
clearly showed that confined cell pairs prefer to position themselves to minimize their 
contact length. Also, cell pairs rotating on confined patterns might experience a resistance 
to increase their contact length which becomes more significant if this increased in 
contact length was larger. Taken together, the motility of confined cell pairs was found to 
be highly dependent on overall shape of the pattern.  
 
To investigate how absolute values of contact length affect the rotation potential of 
confined cell pairs, the average rotation speed of cell pairs away from the θ = 0° position 
on bow-tie patterns A800 CL20 and A800 CL30 was measured and compared as shown 
in Fig. 4.7.a. The average rotation speed was calculated to be 14.3 °/hr (n = 53, S.E.±0.6) 
when CL = 20 µm and 23.3 °/hr (n = 60, S.E.±1.6) when CL = 30 µm. The experiment 
was repeated using bow-tie patterns A1000 CL20 and A1000 CL30 where the single cell 
area is kept constant at 1000 µm2. An average rotation speed of 10.9 °/hr (n = 59, 
S.E.±0.3) was calculated for cell pairs on the CL20 pattern and an average rotation speed 
of 16.4 °/hr (n = 58, S.E.±1.2) for cell pairs on the CL30 pattern as shown in Fig. 4.7.a. In 
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both cases, average rotation speed was found to be higher when the contact length is high. 
CL40 patterns were not used in these experiments as only a few cell pairs orientated 
themselves in the -10° < θ < 10° region used for calculations while the cell-cell contact 
were generally unstable when CL is less than 20 µm. Interestingly, there also appeared to 
be a significant increase in the frequency of cell pairs rotating away from the equilibrium 
on A1000 CL30 patterns compared to A1000 CL20 patterns (Fig. 4.5.b). In summary, 
both experiments involving contact length variations and absolute values of contact 
length showed that the motility of the cell pairs was highly sensitive to the contact length 
of the cell-cell junction formed between the cells. 
 
Besides contact length, cell area could also possibly influence the potential for cells to 
rotate on micropatterns. Average rotation speed of cell pairs on bow-tie patterns of 
different single cell area A but constant CL of 20 µm was measured and compared as 
shown in Fig. 4.7.b. The average rotation speed of cell pairs on the A600 CL20 pattern 
was calculated to be 15.1 °/hr (n = 62, S.E.±1.0). Compared to the values calculated for 
cell pairs on the A800 CL20 pattern, average rotation speed was slightly higher on A600 
CL20 patterns but there is no statistical difference between the rotation speeds. However, 
when cell pairs on both A600 CL20 and A800 CL20 patterns were compared to cell pairs 
on A1000 CL20 patterns, it was noted that the average rotation speed was significantly 
higher for cell pairs on the smaller patterns in both cases. Interestingly, the frequency of 
cell pairs rotating away from the equilibrium also increased on A600 CL20 patterns 
compared to A1000 CL30 patterns (Fig. 4.5.b) These results suggested that the potential 
for cell rotation of confined cell pairs did not change with cell area when the cells are 









Fig. 4.7. Effect of contact length and cell area on rotation potential. a) Effect of contact 
length on average rotation speed for pattern areas A= 800 µm2 and A= 1000 µm2.  Cells had 
a higher rotation speed on A800 CL30 (n = 60) and A1000 CL30 (n = 58) patterns compared 
to A800 CL20 (n = 53) and A1000 CL20 (n = 59) patterns. b) (i)Phase contrast images of 
cell pairs on bow-tie shaped patterns of different areas. Cells on A600 CL20 (n = 62) 
patterns had a rotation speed of 15.1 °/hr. Scale bar depicts 20 μm. (ii) Effect of single cell 




4.3.3 Quantification of focal adhesion density 
It has been reported in earlier studies that increased localization of molecules involved in 
focal adhesions (e.g. vinculin) was observed at the cell periphery when the area of the 
cell increases [52]. It is very likely that focal adhesions could play a key role in 
modulating the rotation speeds of constrained cell pairs since the disassembly of focal 
adhesions are thought to be an essential step for cells to move in any manner. To 
investigate how the focal adhesion density at the periphery of the cells could vary with 
cell area, immunofluorescence staining of cell pairs were performed on cells seeded on 
A600 CL20, A800 CL20 and A1000 CL20 patterns. Phosphorylated paxillin antibodies 
were used to reveal paxillin molecules that were specifically localized to focal adhesions 
and not cytosolic paxillin. As expected, phosphorylated paxillin-containing focal, 
typically found at the ends of actin filaments, were concentrated at the cell periphery 
especially at the sharp corners of the bowtie-shaped patterns (see Fig. 4.8.a). The density 
of these focal adhesions was quantified by measuring the total area of the 
immunofluorescence stains for each cell pair. Total focal adhesion areas for cell pairs 
seeded was found to be 50.9 µm2 (n = 53, S.E.±4.4) when A = 600 µm2, 58.9 µm2 (n = 65, 
S.E.±4.1) when A = 800 µm2 and 72.5 µm2 (n = 57, S.E.±4.7) when A = 1000 µm2. These 
results showed that the focal adhesion density at the cell periphery increases as the cell 
area increases. Furthermore, it appears that this increase was amplified when the cell area 
becomes larger which is highly reminiscent of previous results reported based on single 
cells seeded on square-shaped micropatterns [52].  
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Fig. 4.8. Quantification of focal adhesion density. a) Immunofluorescence staining for 
phosphorylated paxillin (green), actin filaments (red) and cell nuclei (blue) in cell pairs seeded on 
A600 CL20, A800 CL20 and A100 CL20 patterns. Scale bar depicts 20 μm. (b) Measurement of 
total focal adhesion area in cell pairs seeded on A600 CL20 (n =53), A800 CL20 (n=65) and A100 











4.3.4 Proposed mechanism governing cell pair rotations 
Based on experimental results on cell-cell contact length and single cell area, as well as 
results reported in the literature, a force-mediated mechanism to explain the physical 
principles governing rotation of constrained cell pairs is proposed. Firstly, since the cell 
pairs are generally well spread with cell thickness negligible compared to the surface 
dimensions of the micropatterns, the cell pair is treated as a 2D object. From traction 
force microscopy results reported by other researchers, cell-ECM traction forces that are 
orientated perpendicularly to the cell-cell junction had been implicated in the rotation of 
cell pairs confined on micropatterns [131]. To balance the forces acting on each cell, 
forces exerted by the cell-cell contact must be equal to these ECM-traction forces. Cell-
cell contact forces had been confirmed in a separate study to orientate perpendicularly to 
the cell-cell junction and more interestingly appeared to be concentrated at the edges of 
the cell-cell contact [171]. If cell-cell forces are indeed responsible for cell pair rotation 
and are concentrated at the contact edges, these forces could be coupled to the length of 
the cell-cell junction to form a rotational moment. An overall net rotational moment 
could be the origin of the driving force behind cell pair rotations on micropatterns and is 
the basis for the proposed mechanism. This would also explain how the contact length of 
the cell pair would be correlated to the rotation potential of cell pair.  
 
To further develop the proposed mechanism, it is postulated that there exist intrinsic 
forces that oppose cell pair rotations and these rotations should be more completely 
described as a net effect between the driving forces for rotation and these resisting forces.  
Besides the contact length, cell area was also implicated in the determination of the 
potential for cell pair rotation. Based on the experimental results shown in this chapter, 
rotation potential of cell pairs appeared to be independent of cell area when the cells are 
small and only decreased significantly with area when the cells were well spread. To 
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explain this experimental observations, one needs to explore how driving and resisting 
forces changes with an increase in cell area.  
 
Focal adhesions may be a likely candidate for the origin of resisting forces that 
suppresses cell pair rotations. From the results shown in Fig.4.8, focal adhesion density 
appeared to increase with cell area at an increasing rate. This is consistent with published 
data from single cells seeded on square shaped patterns [52]. Besides focal adhesion 
density, another potential candidate that may contribute to resisting cell pair rotations is 
the stiffness of the cells. Cell stiffness had previously showed a positive correlation with 
cell spreading area [172] and had been reported to be an important determinant in the 
motility of cancer cells [173].. In bowtie patterns, an increase in cell area would be 
accompanied by an elongation of the cell as CL was kept constant. Since, cell elongation 
was also reported to be positively correlated to cell stiffness [174] the increase in cell 
stiffness with area is also likely to occur at an increasing rate.  Taken together, it may be 
reasonable to expect the resisting force to increase with area at an increasing rate.  
 
As cell area increases, a corresponding increase in cell-ECM traction forces and hence 
the cell-cell forces had been reported [175]. Driving forces for rotation was obtained from 
a net difference between rotational moments at the top and bottom of the cell-cell contact 
and would be positively correlated to the degree of fluctuations in cell-cell forces. These 
fluctuations originated from corresponding fluctuations in the cell-ECM traction forces 
which had been shown to increase when intracellular contractility was reduced [176]. In 
this way, increase in area would likely increase the driving force in general (through an 





 If the driving and resisting forces do vary with area in the manner described above, the 
observed relationship between rotation potential and cell area could be explained. When 
the cell areas are small, an increase in cell area may cause a comparable increase in both 
driving and resisting forces of rotation. Hence, this increase in area would have a 
negligible effect on rotation potential. However, at large cell areas, the increase in 




4.3.5 Effect of cell shape asymmetry 
To validate the proposed mechanism, three further experiments were carried out. In the 
first of these experiments, redesigned patterns with shape asymmetries were designed. 
Besides the magnitude of the rotation speed, the direction of the rotation may also be 
affected by the micropattern that the cell pairs reside on. For clarity in description, 
asymmetry was described with reference to x- and y- axes where the origin was located at 
the center of the pattern (see Fig. 4.10.a.i). In bow-tie patterns that are symmetrical about 
both the x- and y- axes, there appeared to be no preference in the direction at which the 
Fig. 4.9. Proposal of mechanism to explain the physical principles governing cell pair rotations 
on bow-tie patterns. Schematic diagram of proposed mechanism. Interplay between driving 
and resisting forces governs cell rotations. Nuclei are represented by dark blue ovals, cell-cell 
contacts by green lines, focal adhesions by light blue dots and cell body is shown in yellow. 
Black arrows depict net cell-cell forces and red arrows depict net rotational moment. 
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cell pairs tend to rotate. For the different types of bow-tie patterns described so far, the 
frequencies of anti-clockwise rotations were measured. 52.9% (S.E.±5.5), 52.7% 
(S.E.±5.4), 50.1% (S.E.±6.5), 52.3% (S.E.±4.6) and 56.5% (S.E.±4.8) of the rotations 
were anti-clockwise for cell pairs on A600 CL20, A800 CL20, A800 CL30, A1000 CL20 
and A1000 CL30 patterns respectively as shown in Fig.4.10.a.ii. These results were very 
close to the 50% anticlockwise rotation expected for randomly rotating cells.  
 
To understand how micropattern shape would affect the direction of cell pair rotations, 
pattern shapes were redesigned. For the first redesigned pattern, instead of being bow-tie 
shaped, the bottom of a A1000 CL30 pattern was flatten to generate asymmetry about the 
x-axis (see Fig. 4.10.b.i). Also, instead of cell shape diverging away from the contact 
length (named ‘diverging’ patterns), similar patterns that allow the cell shape to converge 
from the contact length (named ‘converging’ patterns) were also designed (see Fig. 
4.10.b.iii). These patterns were highly symmetrical about the y-axis when |θ| was small 
and were named ‘symmetrical’ patterns. To generate even more asymmetry in the cell 
shape, the right half of the pattern was rotated 180° in both of these designs to form 
patterns that are asymmetrical about both the x- and y- axes (see Fig. 4.10.b.ii and Fig. 
4.10.b.iv) and named ‘asymmetrical’ patterns. In these patterns, the frequency of anti-
clockwise rotations was measured. For symmetrical patterns, 56.7% (n = 59, S.E.±4.5) 
and 52.3% (n = 60, S.E.±5.4) of the rotations were observed to be anti-clockwise for 
diverging and converging patterns respectively (see Fig. 4.10.c). Again, these results 
were close to the 50% anticlockwise rotation expected for randomly rotating cells. For 
asymmetrical patterns, 32.0% (n = 70, S.E.±4.0) and 70.9% (n = 51, S.E.±5.3) of the 
rotations were observed to be anti-clockwise for diverging and converging patterns 
respectively (see Fig. 4.10.c). This result showed that asymmetrical diverging patterns 
preferentially rotate in a clockwise direction while asymmetrical converging patterns 
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preferred to rotate in an anti-clockwise direction. Putting these results together, a bias in 
rotation direction appeared to emerge only in cell pairs where there was an asymmetry 
about the cell-cell contact.  
 
The average rotation speed was also calculated for cell pairs on these redesigned patterns 
to examine the effect of pattern shape on rotation potential. Average rotation speed for 
clockwise and anticlockwise rotations for diverging cells pairs on symmetrical and 
asymmetrical patterns was compared separately (see Fig. 4.10.d). The results showed that 
asymmetry about the cell-cell contact did not result in any significant differences in the 
potential for cell pair to rotate in both clockwise and anticlockwise direction even though 
a rotational bias was observed. Similar observation was obtained for converging cell pairs. 
Taken together, these results showed that while the direction of cell pair rotations were    
highly sensitive to cell shape asymmetry, the rotation potential appeared to be more 
dependent on parameter such as single cell area and contact length, as least in the case of 
these A1000 CL30 patterns. However, cell pairs rotated in a persistent direction on 
asymmetrical redesigned patterns and were likely to experience higher overall rotational 
amplitudes than symmetrical redesigned patterns.  
 
Looking closer at experiments involving these patterns, a pattern that is asymmetrical 
about the x-axis would be expected to give rise to a similar asymmetrical distribution of 
cell-ECM traction forces in the cell. If the cell-cell forces that balance this cell-ECM 
traction forces are indeed concentrated at the edges of the cell-cell junction, the cell-cell 
forces at the top and bottom edges of the junction would be different. To verify this 
proposition, calyculin A was used to initiate the rupture of the cell-cell contact between 
cell pairs on redesigned patterns. As reported by other groups, the stability of cell-cell 






Fig. 4.10. Effect of shape asymmetry on the direction of cell pair rotation. a) (i) Bow-tie 
patterns are symmetrical about both x- and y-axis. (ii) Frequency of anti-clockwise rotations 
for cell pairs on bow-tie patterns. b) Cell pairs seeded on redesigned patterns that are 
asymmetrical about (i),(iii) x-axis only or (ii), (iv) both x- and y- axis. Schematics of (i), (ii) 
diverging and (iii), (iv) converging micropatterns used are shown on the left in red. c) 
Frequency of anti-clockwise rotations for cell pairs on redesigned patterns. Cells on 
asymmetrical diverging (n = 70) and converging (n = 51) patterns had a rotation bias 
compared to cells on symmetrical diverging (n = 59) and converging (n = 60) patterns   d) 





the junction [177]. Since the size of the junction was kept constant by the micropatterns, 
any changes in tugging force would play a critical role in determining the stability of the 
cell-cell junction. Calyculin A is an unspecific phosphatase inhibitor which is known to 
increase the overall cellular tension and hence the tugging force on the cell-cell junction 
[177]. An increase in tugging force would eventually lead to a rupture in the cell-cell 
junction. To maximize the asymmetry in cell-cell forces at top and bottom edges of the 
cell-cell junction, symmetrical redesigned patterns were used. 1nM calyculin A was 
added to cell pairs seeded on these patterns and time lapse images were taken at 5 
minutes interval until the cell-cell junction was totally disrupted or when the cells totally 
round up due to an increase in cellular tension.  
 
For diverging patterns, it was observed that if the cell-cell junction did rupture before the 
cell pair started to round up, the rupture tends to (9 out of 12 cases observed) occur at the 
bottom edge (see Fig. 4.11.a.). This result suggests that the cell-cell forces at the bottom 
edge could be larger than that at the top edge. Based on the proposed mechanism, this 
information could be used to predict the preferred rotation direction in asymmetrical 
redesigned patterns which was consistent with experimental observations (see Fig. 
4.11.c.ii). A similar procedure for estimating the cell-cell forces at the top and bottom 
edges was carried out for converging patterns and again the preferred rotation direction in 
asymmetrical redesigned patterns could be predicted successfully (7 out of 11 cases) 
based on the proposed model (see Fig. 4.10.d.ii). Although the number of observed cases 
was severely limited by cell rounding with increased cell contractility, the results from 
these experiments on redesigned pattern indicated that the proposed mechanism is 






Fig. 4.11. Verification of cell-cell forces at contact edges using 1nM Calyculin A 
treatment of symmetrical redesigned patterns. Timelapse phase images of  a) diverging 
patterns and b) converging patterns at 5 min intervals. Schematics of cell-cell forces and 
net rotational moment in c) diverging and d) converging (i) symmetrical and (ii) 
asymmetrical redesigned patterns. Nuclei are represented by dark blue ovals, cell-cell 
contacts by green lines, and cell body is shown in yellow. Black arrows depict net cell-
cell forces and red arrows depict net rotational moment. Scale bar depicts 20 μm. 
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4.3.6 Effect of an ECM gap between the bow-tie regions  
In the second of these validation experiments, an ECM gap was designed between the 
bow-tie regions. Cell-cell junctions had been reported in square-shaped cell pairs to 
spatially stabilize in regions that were devoid of ECM [131]. To verify this finding in 
bow-tie patterns, the plateau region was devoid of ECM and an ECM gap was created 
between bow-tie regions (see Fig. 4.2.a). Cell pairs were seeded on a variety of bowtie 
patterns with different distributions of ECM at the different pattern geometries used so 
far. Phase images of cell pairs seeded on these patterns confirmed that the presence of the 
ECM gap did not affect the shape and size of cell pairs residing on them (See. Fig. 
4.12.a.). A distribution of θ was obtained for cell pairs on each of these patterns and the 
total frequency of θ in the -10° < θ < 10° region was calculated. This value gave the 
probability for a cell pair to be orientated in this low |θ| region and was taken to be 
inversely related to the spatial motility of the cell pair. Spatial motility of cell pairs was 
compared between patterns of the same geometry but with different ECM distributions 
(see Fig. 4.12.b). The results clearly indicated a significant increase in spatial motility for 
cell pairs residing on patterns without the ECM gap (except the A1000 CL20 set of 
patterns) consistent with reported results using square-shaped cell pairs. Interestingly, by 
comparing the p-values between patterns of different geometries, it was observed that the 
differences in cell pair motility were more significant if A was smaller or if CL was 
larger. As the presence of an ECM gap had been shown to affect cell-cell forces in 
square-shaped cell pairs, these results showed that the single cell area and the contact 
length of the cell pairs were important determinants in how much changes in cell-cell 









Fig. 4.12. Effect of an ECM gap on the spatial motility of cell pairs on bow-tie patterns. 
a) Phase images showing the shape and size of cell pairs on a A1000 CL30 pattern (i) 
without ECM gap and (ii) with ECM gap. Schematics of micropattern used shown on the 
left in red.  b) Plot comparing the spatial motility of cell pairs on bow-tie patterns with or 
without ECM gap. Increase in spatial motility for cell pairs residing on patterns with 
ECM gap for A600 CL20 (n = 65), A800 CL20 (n = 65), A800 CL30 (n = 67) and 
A1000 CL30 (n = 59) patterns. No such increase in spatial motility observed for cell 
pairs on A1000 CL20 (n = 53) patterns with ECM gap. Scale bar depicts 20 µm. Error 
bars depict S.E. statistics. 
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4.3.7 Drug Treatment 
In the last of these validation experiments, constrained cells pairs were exposed to 
actomyosin contractility inhibitors. Actomyosin contractility has been identified from 
earlier experiments to play a prominent role in the motility of constrained cell clusters 
[178], including the rotation of cell pairs in micropatterned substrates [131]. Here, 
inhibition of ROCK by Y27632 and myosin light chain kinase (MLCK) by ML7 was 
performed. Both ROCK and MLCK are active players in the Rho-ROCK pathway and 
the inhibition of these kinases would be useful to probe how these crucial components of 
actomyosin contractility could affect cell pair rotation dynamics. A low drug dose of 1-2 
µM was used in these experiments. This is due to longer drug exposure time as cells on 
the bowtie patterns were exposed to the drugs throughout the whole imaging period of 6 
hrs unlike similar studies where drug exposure time was relatively shorter.  
 
First DMSO, which was used to dissolve these inhibitors, was verified to have no effect 
on cell pair rotations when the cells are treated at the concentrations used in actual 
experiments (results not shown). When a dose of 1 µM was used for Y27632 and ML7, 
the average rotation speed of cell pairs on A1000 CL20 patterns were found to be 
10.9 °/hr (n = 58, S.E.±0.5), and 11.0 °/hr (n = 62, S.E.±0.5) respectively. When 
compared to untreated cell pairs with an average rotation speed of 10.9 °/hr (S.E.±0.3), 
the results showed no significant difference in rotation potential (see Fig. 4.13.a). When 
inhibitors of the same dose was used for cell pairs on A600 CL20 patterns, the average 
rotation speed of cell pairs was found to be 13.3 °/hr (n = 58, S.E.±0.7) for cell pairs 
under Y27632 treatment. These results were significantly lower than average rotation 
speed of untreated cell pairs at 15.9 °/hr (S.E.±1.2). On the other hand, treatment of cell 
pairs with ML7 gave an average rotation speed of 15.0 °/hr (n = 66, S.E.±0.9) which was 
comparable to that of untreated cell pairs (see Fig. 4.13.b.).  When this experiment was 
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again repeated on cell pairs residing on A1000 CL30 patterns, similar trend was observed. 
Average rotation speed of the cell pairs was found to be 13.8 °/hr (n = 51, S.E.±0.6) when 
treated with Y27632. This was significantly lower than average rotation speed of 
untreated cell pair at 16.4 °/hr (S.E.±1.2). Again, when treated with ML7, the average 
rotation speed of 15.2 °/hr (n = 62, S.E.±0.9) was not found to be significantly different 
(see Fig. 4.13.c).   
 
Taken together, these experiments showed that parameters such as single cell area and 
contact length could affect how cell pairs respond to drug treatment at the same dose. 
Inhibition of ROCK by Y27632 treatment would lower actomyosin contractility and was 
found to reduce the average rotation speed of cell pairs. However, even though both 
ROCK and MLCK are thought to be important in the Rho-ROCK pathway, inhibition of 
MLCK activity did not seem to affect cell pair rotation speed. To further examine the 
effect of the inhibitors at a higher dose, cell pairs on A1000 CL20 patterns were treated 
with 2 µM ROCK and 2 µM ML7.  This time, a significant decrease in average rotation 
speed was observed for Y27632 treated cell pairs with a rotation speed of 9.5 °/hr (n = 50, 
S.E.±0.4). Interestingly, as shown in Fig. 4.13.d, when cell pairs are treated with ML7 at 
this dosage, the average rotation speed increases to 12.7 °/hr (n = 50, S.E.±0.6).  Taken 
together, these results confirmed that the effect of Y27632 treatment was amplified on 
cell pairs with smaller cell areas and longer contact lengths. Conversely, the effect of 
ML7 treatment did not appear to be affected by pattern geometries and a surprisingly 







4.3.8 Effect amplification at small cell area or long cell-cell contact length 
In experiments involving bowtie patterns with different distribution of ECM and when 
cell pairs were treated with Y27632, changes in rotation potential were amplified in 
patterns where cell area was small or where contact length was long. Treatment of cell 
pairs with ML7 yielded very different results where the effect of the drug treatment did 
not appear to vary with pattern geometries. These observed results were in agreement 
with the proposed mechanism where it is clear that changes in cell-cell forces could result 
Fig. 4.13. Effect of Y27632 and ML7 treatment on the rotation potential of cell pair on different 
bow-tie patterns. Average rotation speed of cell pairs treated with 1μM Y27632 and 1μM 
ML7on a) A1000 CL20 patterns (nY27632 = 58, nML7 = 62), b) A600 CL20 patterns (nY27632 = 58, 
nML7 = 66) and c) A1000 CL30 patterns (nY27632 = 51, nML7 = 62). d) Average rotation speed of 
cell pairs treated with drugs at double dose on A1000 CL20 patterns (nY27632 = 50, nML7 = 50). 




in magnified rotational moment when coupled to a longer cell-cell junction. Hence, a 
larger change in driving forces for rotation would be expected for cell pairs of longer 
contact length when they experience similar changes in cell-cell forces. In both types of 
experiments, changes in cell-cell forces for cell pairs of different areas were kept constant 
by using a constant ECM gap or a similar dose of Y27632 drug.  As smaller cells were 
under lower intracellular tension, they would possibly experience a proportionately larger 
change in cell-cell forces (and hence, driving forces for rotation) when exposed to a 
similar-sized ECM gap or drug dose. This would account for a more significant effect of 
an ECM gap or Y27632 treatment on the rotation potential of smaller cells. 
 
Although both ML7 and Y27632 were known to reduce intracellular contractility, the 
different results found could be explained by their action at different sites in treated cells. 
Comparing the effects of Y27632 and ML7 reported in previous studies, it was noted that 
Y27632 disrupts stress fibers (and hence cell stiffness) and focal adhesion in the interior 
of the cell while ML7 had been reported to have a more pronounced effect at the 
periphery of the cell [179]. Since focal adhesions and stress fibers are mainly 
concentrated at the cell periphery [52], it was speculated that only ML7 treatment would 
cause a significant decrease in forces opposing cell pair rotations. Similar to changes in 
driving forces in different areas, these changes in resisting forces were likely to be 
proportionately larger at smaller areas when the same ML7 dose was used. Hence, even 
though cell pairs with smaller areas or longer contact length could amplify the effect of 
ML7 treatment on the driving forces for rotation, a similar change in resisting forces 
would result in no net effect of ML7 treatment on rotation potential. At 2µM dose, 
rotation potential surprisingly increases under ML7 treatment. This finding support the 
proposal that the overall rotation potential observed in experiments were determined by 
an interplay between driving forces and resisting forces. In this case, the results from 
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2µM ML7 treatment could be explained if there is a larger decrease in resisting forces 
compared to the drop in driving forces in the treated cells.  
 
4.3.9 Towards a more complex cell system: motility of 3-cell clusters 
The experiments so far had established a general framework to explain the physical 
mechanism governing the rotation of confined cell pairs. However, cells do not exist in 
doublets in the body tissues and cell rotations are a rare occurrence in vivo. To verify the 
principles governing cell motility in more complex cell systems, the motility of a 3-cell 
cluster was tracked on a circular micropattern with an area of 2800 µm2. Based on the 
principles governing cell pair rotations, cell motility could be expected to be minimized 
when the cells are distributed in a perfectly symmetrical manner as shown in Fig. 4.14.a. 
In such a configuration, the average contact lengths were at a minimum. Also, the cells 
were all identical in shape and were distributed in such a way that forces between them 
would likely balance themselves. The area of the cells was also kept approximately equal 
such that there were no cells of very small areas with high motility. Such highly mobile 
cells could be expected to generate a force imbalance that might destabilize the cell 
cluster. A configuration index, α was used to numerically characterize the configuration 
of the cells with respect to one another. By the definition of α, cells arranged in this 
perfectly symmetrical configuration will give a value of α = 1. 3-cell clusters (n = 73) 
imaged over a 6 hour period at 10 mins interval and the different configurations adopted 
by these cell clusters were characterized by their α values. This was shown as a plot of 
square root count against α in Fig. 4.14.b.  The square root transformation in the plot 
provided a clearer picture of the distribution of the cell clusters with low α since most of 
the clusters adopt configurations at high α values.  The results showed that cell clusters 
tend to adopt symmetrical configurations and hence, this configuration could be regarded 
as the most stable one, consistent with predictions using the principles from cell pair 
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rotations. This suggested that these principles might extend beyond rotational motion in 





Fig. 4.14. Motility of 3-cell clusters on circular micropattern. a) Schematic of perfectly 
symmetrical distribution of cells. Nuclei are represented by dark blue ovals, cell-cell 
contacts by green lines, cell body is shown in yellow. b) Distribution of cell clusters (n =73) 
with various configuration index. Decay in square root count with α used to categorize cell 
clusters into groups. c) Time-lapse phase images of 3-cell clusters on micropatterns. Cell 
arrangement used to categorize cell clusters into groups. (d) Average (i) Δα and (ii) 
translational speed for cell clusters in each of the three groups. Scale bar depicts 20 μm. 
Error bar depict S.E. statistics. 
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Based on how the plot decays with α (see Fig. 4.14.b.) and how the cells were observed 
to be arranged under phase imaging (see Fig. 4.14.c), the cell clusters were broadly 
categorized into three groups. The stable group represented cell clusters with α in the 
region α > 0.95 where the decay in the graph was very steep and the cells were arranged 
close to the symmetrical configuration seen in Fig. 3.14.a. In this group, each cell 
occupied a sector close to 120° in the circle. The quasi-stable group represented cell 
clusters with α in the region 0.85 > α > 0.95 where the decay in the graph was less steep 
and one of the cell tend to occupy a 180° sector leaving the other two cells to share the 
remaining sector in the circle. The unstable group represented cell clusters with α in the 
region α < 0.85 where the decay in the graph was modest. In this group, one of the cells 
extended protrusions into the cell-cell junction of the other two cells, resulting in a clear 
change in neighbor relationship for these two cells. This is a classical cellular motion 
seen in cell intercalation which is one of the most important cell rearrangement processes 
in vivo.  The motility of cell clusters in each of these three groups was further examined 
by calculating the average Δα and the average translational speed of the cell as shown in 
Fig. 4.14.d. Δα is defined as the change in the α value between two adjacent time points 
and translational speed was calculated by measuring the distance moved by the center of 
the nucleus of each cell over time. The results showed clear distinction in motility 
between the three groups where the stable group experience a low Δα and a low average 
speed of 0.04 /hr and 5.97 µm/hr respectively. The quasi-stable group represented a 
transitional configuration between the stable and unstable group with a moderate Δα of 
0.16 /hr and a moderate speed of 6.55 µm/hr. The unstable group undergoes similar 
movement and rearrangement in cell position as cell intercalation that had been reported 
to be observed in physiological tissues. This movement and rearrangement once initiated 
was observed to be highly mobile with high Δα and high translational speed of 0.48 /hr 
and 7.08 µm/hr respectively. Cell clusters in this group was observed to either return 
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back to a stable configuration via the quasi-stable group (see. Fig. 4.14.b.)  or the 
intercalating cell could go all the way through the cell-cell junction of the other two cells 
(results not shown). Force imbalance had been reportedly used in computational models 
to recreate conditions for cell rearrangement but this result showed for the first time in 
experiments that this mechanical instability is sufficient to drive intercalating motion 
once it is initiated. 
 
4.4 Conclusions 
In this chapter, some physical principles governing cell motility of 2- and 3- cell systems 
had been elucidated and a force-mediated mechanism is proposed. For cell pairs confined 
in bow-tie shaped patterns, the coupling between cell-cell forces and the contact length 
could possibly generate a net rotational moment in the cell pair that could be the origin of 
the driving force behind cell pair rotations. The single cell area could also affect cell-cell 
forces in the cell pair via changes in cell contractility. More importantly, a change in 
focal adhesion density and cell stiffness with cell area could account for the resisting 
force against cell pair rotations. Cell shape symmetry was also an important factor which 
could determine the distribution of cell-ECM traction forces and consequently the 
distribution of cell-cell forces. Thus, cell shape could be a crucial determinant of the 
biased cell pair rotations. The presence or absence of an ECM gap and the response of 
cell pairs under drug treatment fits into this framework where interplay between driving 
and resisting forces determines the overall observed rotation potential.  
 
To provide further insights into the general motility of cells in tissue systems, the 
applicability of these principles in a 3-cell system was investigated on circular patterns. 
The results showed that maximum stability of the 3-cell system was obtained when the 
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cells were arranged in a symmetrical configuration. This result is consistent with the 
principles elucidated in cell pair systems where the average contact lengths of cells in 
such a symmetrical configuration were at a minimum. Also, the cells were all identical in 
shape and were distributed in such a way that forces between them would likely balance 
themselves. The area of the cells was also kept approximately equal such that there was 




parameter Cell motility Proposed mechanism 
Cell-cell contact 
length Increases with contact length 
Coupled to cell-cell forces to generate 
rotational moment 
Single cell area Increases with area at large cell area 
 Involved in focal adhesion density and 
possibly cell stiffness which may be the 
origin of  resisting forces against rotation  
Shape asymmetry  No effect Generate force imbalance resulting in rotational bias 
ECM gap 
Decrease amplified with small 
cell area and long contact 
lengths 
Illustrates interplay between driving and 
resisting forces of rotation 
Y27632 treatment 
Decrease amplified with small 
cell area and long contact 
lengths 
Illustrates interplay between driving and 
resisting forces of rotation 
ML7 treatment No effect at 1 µM dose,  Increases at 2 µM dose 
Illustrates interplay between driving and 
resisting forces of rotation 
3-cell cluster Minimized with symmetrical configurations 
















Chapter 5  
Actomyosin-mediated Contraction  









In this chapter, the emphasis would be placed on epithelial void closure mediated by 
actomyosin contraction-based mechanism. Apart from its importance in the re-
epithelialization of damaged epithelium, contractions mediated by force-generating 
actomyosin rings appears to be a universally observed behavior in dynamical systems of 
various cellular scales ranging from cleavage furrow constriction in cell division, single 
cell wound healing, extrusion of apoptotic cells to developmental processes such as 
dorsal closure in Drosophila morphogenesis. Due to the active role played by actomyosin 
ring contractions in so many different biological contexts, a good understanding of the 
contraction dynamics of actomyosin rings could be highly valuable. 
 
In actomyosin contraction-based void closure, molecular mechanism governing its 
dynamics had been substantially studied. In a key experiment performed on Caco-2 cells 
about a decade ago using a variety of small GTPase inhibitors, a two stage process was 
used to described how small voids in epithelial sheets were closed by actomyosin 
contraction mechanisms [180]. An initial localized Rho-dependent assembly of actin and 
myosin II in a ring around the void was proposed to be followed by a MLCK-dependent 
contraction of the actomyosin ring.  In order for the contractile ring to be formed, cells 
and their intracellular force-generating machineries must be joined in a continuous 
network at the cell edge lining the void region. To achieve this, both tight junctions [181] 
and E-cadherin mediated adherent junctions [182] have been implicated in the proper 
functioning of the actomyosin ring.  
 
On the other hand, the physical rules dictating void closure by actomyosin-based 
contractions is poorly understood. Available literatures were focused on global void 
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geometries and little work had been done to probe the effect of individual cell geometry. 
Even for studies done on global void geometry, the results obtained might be confounded 
by the rearrangement and proliferation of cells that were not directly involved in the 
formation of the actomyosin ring. For example, cells up to 10 cell rows back from the 
void could respond to the presence of a void in the cell layer.  Rearrangement of cells had 
been observed in both epithelial sealing by cell crawling and actomyosin contraction 
where cells near the void region frequently exchanges position and neighbor relationships 
with one another [183]. Cell proliferation is also thought to be important for the prompt 
resealing of epithelial void especially if the void size is large. When a sizeable number of 
cells are removed from the epithelium by wounding, cells must be initiated to proliferate 
upon void formation in order to replenish the cell loss. Quantification of cell proliferation 
after a void was introduced in a confluent primary respiratory epithelial cell layer showed 
that a significant increase in proliferation was observed in cells located as far as 320 µm 
away from the void. This proliferation increase was only restricted to the immediate area 
around the void [184] which could indicate a direct link to void formation. 
 
In this chapter, an in vitro experimental system to study the dynamics of actomyosin ring 
contractions was introduced.  Cell adhesive micropatterns were arranged in a ring 
configuration allowing the formation of a cellular ring comprising a single row of cells.  
In this way, actomyosin ring contractions to close the void at the center of the cellular 
ring could be studied without conflicting signals from other components of the cell layer 
which are unrelated to forces generated by constituent cells. For example, signals from 
cell proliferation and cell rearrangement could be excluded in a single-row cellular ring. 
Using this novel in vitro experimental system, the influence of both the geometrical 
parameters of individual cells as well as cell arrangement in the ring (global void 
geometry) on the contraction dynamics of actomyosin rings was investigated.  
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5.2 Materials and Methods 
5.2.1 Cell seeding on micropatterned substrates 
Array patterning of a series of micropattern in ring configuration was achieved using the 
photolithographic method as described in Chapter 3. EpH4 cells were cultured and 
prepared as described in Chapter 3. 1.5 ml of cell suspension with a cell density of 
150,000 cells/ml were added to patterned coverslips in a 35 mm petri dish and incubated 
in standard cell culture conditions for 40 min. Cell were seeded at an increased density 
and incubated for a longer time compared to that in Chapter 3 as the micropatterns are 
now patterned at a higher density on the coverslip when they are arranged in ring 
configuration. After the incubation time has elapsed, the excess cells were rinsed off 
using serum-free DMEM medium supplemented with only 1% (v/v) 
penicillin/streptomycin. A common problem encountered when using this experimental 
system was that void closure in the cellular ring occurred at hugely different time points 
on different patterns in the array. Void closure typically occurred after all the cell-cell 
junctions were formed between well-spread cells in the ring. However, the rate of 
spreading was observed to be vastly different for cells on different patterns in the array 
and even between different cells on the same pattern. With 4 to 6 cells in each pattern, it 
was reasonable to expect void closure to occur at very different time points. To initiate 
void closure on demand (ie when most of the cellular rings were formed and the coverslip 
was ready for imaging), Y27632 ROCK inhibitor was added at a low concentration of 
100 nM. As reported in the literature, Y27632 treatment blocked the assembly of 
actomyosin rings and prevented void closure [180]. Conversely, the drug encouraged cell 
spreading as cell contractility was reduced.  Cells on micropattern were allowed to spread 
in serum-free medium spiked with Y27632 inhibitor for 8 hrs. This ensured that the cells 
spread fully on the micropattern and formed cellular rings. After 8 hrs, the serum-free 
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medium was rinsed twice with complete medium to ensure a complete wash out of the 
Y27632 inhibitor. For verification of void closure mechanisms using small molecule 
inhibitors, complete medium containing 10 µM of Y27632 or 25 µM NSC23766 were 
added instead. 
 
5.2.2 Immunofluorescence staining 
The actomyosin system was allowed to assemble by incubating the cellular rings in 
complete medium for 30 mins after Y27632 washout. After which, cellular rings were 
washed twice with PBS to remove any serum residues. The rings were then fixed using 
4% paraformaldehyde (Sigma) for 5 mins. Following fixation, the cellular rings were 
rinsed twice with PBS and then permeabilized with 0.5% Triton-X (Sigma) for another 5 
minutes. The permeabilized cellular rings were thoroughly rinsed three times with PBS 
and incubated in a blocking buffer containing 1% BSA (Sigma) for 30 mins. After 
blocking, the cellular rings were incubated for 45 mins in a humid chamber with a 
primary rabbit antibody for phosphorylated myosin light chain (Cell Signaling) diluted 
1:200 in blocking buffer. The humid chamber was made using petri dishes and kimwipes 
soaked with DI water. After that, the primary antibody was thoroughly washed off before 
the rings were incubated for 45 mins with Alexa Fluor 488-tagged anti-rabbit polyclonal 
antibody (Abcam) diluted 1:1000 in PBS. The secondary antibody was thoroughly rinsed 
off before the cellular rings were incubated for 20 mins with Alexa Fluor 594-tagged 
phalloidin (Invitrogen) diluted 1:40 in blocking buffer. The coverslips were then 
deposited on glass slides using 30 µl mounting solution and dried overnight at room 
temperature. 
 
5.2.3 Image Acquisition 
Time-lapse imaging of live cells on micropatterns was taken over 12 hrs at 5 mins time 
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intervals using the BioStation IM-Q system. This long imaging period was to ensure that 
sufficient time was given for the assembly of the actomyosin ring and also for some of 
the partially formed cellular ring to be completed. Images were taken under using the in-
built cooled CCD camera at 10X magnification. Instead of automated acquisition as was 
done in chapter 3. Cellular rings containing the correct number of cells were selected for 
imaging manually. This was because the probability of obtaining 4-6 cells correctly in the 
rings was very much lower than the probability of having paired cells required in Chapter 
3. Immunofluorescently stained cellular rings were imaged using the BioStation IM-Q 
system under both 465-495 nm (blue) and 540-580 nm (green) excitations using the in-
built cooled CCD camera at 40 X magnification. 
 
5.2.4 Measurement of contraction rate in cellular ring 
From raw images obtained from the BioStation IM-Q, patterns that did not contain the 
correct number of cells were immediately discarded. For the remaining patterns, only the 
series of images showing void closure in a stable cellular ring was used in the analysis of 
the contraction rate of the actomyosin ring. A stable cellular ring must satisfy the 
following 2 criteria: (1) the center of the void region should not be visibly shifted and (2) 
there should be no change in cell number lining the void as it closes. The size of the void 
in each of these images was then measured using the ImageJ software. Image 
enhancement using in-built functions such as ‘Despeckle’ and ‘Find Edge’ were used to 
locate the edges of the void clearly. The polygon selection tool was used to surround the 
void as accurately as possible and the area of the selection was measured. This 
measurement was repeated 3 times and the average value gave the approximate area of 
the void in that particular image. The rate of actomyosin-mediated contractions 
associated with the cellular rings could then be calculated from the difference between 
the void areas of two images taken at successive time points. Contractions rates lower 
 117 
 
than 10 µm2/min were considered stationary and discarded. At least 25 cellular rings were 
analyzed for each type of pattern in this manner and their associated contraction rates and 
void areas were plotted as data points shown in Fig. 5.3 - Fig. 5.7. The data points from 
all the cellular rings analyzed were collated together for each type of pattern to generate 
an overall picture of the relationship between contraction rates and void areas.  Void 
areas at each time point were then expressed as a fraction of the initial void area before 
void closure. Data obtain was found to be fairly noisy and outliers were removed using 
the modified Thompson tau method [185] to smoothen the data.  
 
5.3 Results and Discussion 
5.3.1 Cellular ring from a single row of cells 
Five trapezium shaped micropatterns arranged in a ring configuration created a pentagon-
shaped region devoid of ECM at the center of the ring. This region resembled a void 
formed in an epithelial cell sheet and the in vitro behavior of cells lining this ECM-free 
region could be investigated conveniently. EpH4 cells seeded at high density on this ring 
of micropatterns formed a confluent pentagon-shaped monolayer with a cell-free region 
at the center as shown in Fig. 5.1.a. Not surprisingly, the inner edges of the cells lining 
this cell-free region were observed to form a smooth ring around the void which contracts 
rapidly and closes the void within 1 hour. Under phase contrast microscopy, this 
contracting ring formed by the cell edges appeared to be highly tense and lamellipodia 
activity were absent in the void. This observed behavior was highly reminiscent of how 
cells move to close openings in the epithelium via an actomyosin-mediated contraction 
mechanism, consistent with reports that claimed that this mechanism would be preferred 
to the lamellipodia-mediated migration mechanism for epithelial voids without an 
underlying ECM layer [41]. When cells were seeded on ring micropatterns at low density, 
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it was observed that a single row of 5 cells arranged in a pentagon shaped ring could be 
formed. This single row cellular ring could close the void at the ring center in the same 
manner as confluent cell sheets (see Fig. 5.1.b.). Although epithelial void closure 
involving several rows of cells in the void vicinity was thought to be closer to the 
situation in vivo [182], examining actomyosin contractions in a single row of cells could 





Fig. 5.1. Actomyosin-mediated contraction in different cellular configurations. a) Confluent 
monolayer with a cell-free region in the center. 0 min indicates the commencement of void 
closure. b) Single row cellular ring. c) Single row of cells in horseshoe-shaped 
configuration. Schematics of micropatterns used are shown on the left of phase images in 
red. Scale bars depict 50 μm.  
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Interestingly, it was also found that a row of cells arranged in a horseshoe-shape appeared 
to form a similar contractile ring at the inner edge of the ring as shown in Fig. 5.1.c. 
These horseshoe-shaped cellular clusters were formed when two adjacent cells did not 
bridge the gap between successive micropatterns in the ring. This result suggests that 
curvature could play an essential role in encouraging void closure in cell clusters and it is 
possible that the presence of a full ring of cells lining the void might not be a necessary 
condition. 
 
Void closure in epithelial resealing is known to be driven by either cell crawling or 
actomyosin contraction mechanisms. Rac activation has been found to be vital for cell 
crawling [38] while the activation of the Rho-ROCK pathway is known to be a pre-
requisite for actomyosin contraction [180]. To verify that void closure on these single 
row cellular rings were mediated by actomyosin contractility and not cell crawling, singe 
row cellular rings were treated with small molecule inhibitors Y27632 and NSC23766 for 
inhibition of ROCK and Rac1 respectively. An optimal drug dose of 10 µM and 25 µM 
was used for Y27632 and NSC23766 respectively in these experiments. At higher dosage, 
the cellular rings were observed to be highly unstable where cell-cell contacts tend to be 
easily disrupted during the course of the time-lapse imaging. Inhibition of ROCK by 
Y27632 treatment was found to prevent void closure over a long period of time (> 120 
min), well over the typical time period (< 60 min) required for untreated rings to close 
(see. Fig 5.2.a.i). On the other hand, inhibition of Rac1 by NSC23766 continued to allow 
void closure in the cellular rings to proceed as shown in Fig, 5.2.a.ii. To further show that 
actin and myosin molecules were key players in this Rho-dependent closure of cellular 
rings, immunofluorescence experiments were performed as shown in Fig. 5.2.b. As the 
void size was found to be smaller than the ECM-free region at the center of the ring of 
patterns, this cellular ring was deduced to be fixed and stained while in the process of 
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void closure. Actin filaments and phosphorylated myosin were found to be co-localized 
at the inner edge of the cellular ring as expected when void closure is driven by the 
actomyosin contraction mechanism. Taken together, these results supported the claim that 




Before performing quantitative experiments on single-row cellular rings, a general 
understanding of the contraction dynamics associate with these rings were first obtained. 
Fig. 5.2. Verification of void closure mechanism. a) Treatment of cellular ring with small 
molecule inhibitors. (i) Treatment with 10 µM Y27632. No void closure even after 120mins 
from establishment of a stable cellular ring. Cell migration after 180mins disrupts the cellular 
ring. (ii) Treatment with 25 µM NSC23766. Void closure continued to be observed within 60 
min. b) Immunofluorescence staining for actin (red) and phosphorylated myosin light chain 
(green) on single row cellular ring. Black and white scale bars depict 50 μm.  
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Changes in the area of the cell-free region in the cellular rings (termed ‘void’ from now 
on) was first measured over time and at least two prominent behavior of these cellular 
rings was found to have significant effect on contraction dynamics. Firstly, an off-
centering of void was sometimes observed in the cellular ring as shown in Fig. 5.3.a.i. 
This could be explained by heterogeneity in intracellular contractility of constituent cells 
in the cellular rings which could manifest as localized differences in the contraction rate. 
As cellular rings were made up of only a small number of cells, these localized 
differences were significant and different parts of the cellular ring might contract at 
different rates. Conversely, for void closure in confluent cell sheets where a large number 
of cells were involved, this effect did not appear to be observed. Cellular rings with an 
off-centered void would also be expected to have an uneven distribution of tension as 
some cells in the ring would be stretched to a larger degree compared to other cells. In the 
example in Fig. 5.3.a.i, cells making up the top of the cellular ring were clearly stretched 
more compared to cells at the bottom of the ring at the 25 min time point. A redistribution 
of tension in the ring would move the void back to the center of the ring again as shown 
at the 50 min time point. When the void was being repositioned, contraction dynamics 
were adversely affected. A plot of void area over time clearly showed that the void size 
remained constant from 35 min mark to the 50 min mark (see Fig. 5.3.a.ii). This time 
period coincides with the repositioning of the void. Before and after this repositioning, 
the cellular ring was observed to close the void normally. This result strongly suggested 
that repositioning of the void possibly due to a redistribution of stress in the cellular ring 
could have a strong influence on contraction dynamics. Hence, for quantitative studies, 
contraction rates in the cellular rings were only measured when the void position did not 




The second behavior of cellular rings that could have significant impact on contraction 
dynamics was a change in the number of cells lining the void region. For void closure in 
confluent cell sheets, the number of cells lining the void tends to decrease as the void 
closes and this behavior is facilitated by the shuffling of cells towards and away from the 
void region [184]. In single row cellular rings, exclusion of cells from the immediate 
vicinity of the void could still occur as shown in Fig. 5.3.b.i. at the 250 min and 450 min 
time point. However, cell insertion were also frequently observed as shown at the 350 
min and 550 min time points, especially in cellular rings with a few cells and large void 
sizes that would take a long time to close if it were to close at all. In the example given in 
Fig. 5.2.b, the cellular ring consisting of 6 cells and had a void size of 3500 µm2 did not 
close even after 800 min. A plot of void area over time clearly showed a relaxation in the 
cellular ring whenever there were changes in the cell number lining the void region (see 
Fig. 5.3.b.ii). Again, this could possibly be due to the small number of cells lining the 
void where a change in the cell number could have significant effect. Hence, for 
quantitative studies, contraction rates were only measured when the number of cells 
lining the void remained constant. In this way, the influence of cell number on 
contraction dynamics associated with the cellular rings could also be probed 
systematically.  
 
For a quantitative study of the actomyosin-mediated contraction dynamics associated 
with these cellular rings, an average contraction rate was calculated. Contraction rates at 
different stages of void closure (expressed as a fraction of initial void area) were also 
plotted for a visual representation of how contraction rate changes with void closure. For 
cellular rings associated with high contractility, the data points would populate higher 
easy identification of this trend (as shown in Fig. 5.4.a) and by no means represented the 






Fig. 5.3. Behavior of cellular ring affecting contraction dynamics. a) Effect of void 
repositioning on contraction dynamics. (i) Phase images of void repositioning. (ii) Plot of 
void area against time showing a flattening of the contraction curve as the void was 
repositioned. b) Effect of cell insertion and exclusion on contraction dynamics.  (i) Phase 
images at time = 0 min and time = 150 min to time = 550 min where insertion (blue arrow) 
and exclusion (red arrow) was taking place. (ii) Plot of void area against time showing 
relaxation of cellular ring when number of cells lining the void changes. Scale bars depict 
50 μm.  
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observed to decrease as the void was closed. The average cell sizes of constituent cells in 
the cellular rings were also found to increase in tandem with void closure. Taken together, 
a plot of contraction rates against average cell areas showed that the contraction rate was 
inversely correlated with average cell areas (see Fig. 5.4.b). This effect of cell area on 
contraction dynamics appeared to be observed uniquely in single row cellular ring. In 
confluent cell sheets with large number of cells lining the void region, changes in cell 
size as the void closes are likely to be small and may not have any significant effect on 
contraction dynamics. 
 
To further probe the effect of cell area on contraction dynamics associated with cellular 
rings, the initial area of constituent cells in this ring could be varied conveniently by 
changing the size of the trapezium micropatterns (see Fig. 5.4.c). Void area could also be 
varied conveniently with small shifts in the angle between each trapezium micropattern. 
Square-shaped rings could be designed by using four micropatterns instead of five 
arranged at right angle to each other. These square-shaped rings were observed to be able 
to close the void in the center of the ring in a similar manner to their pentagon-shaped 
counterparts (see Fig. 5.4.d.i).  As cells were randomly seeded on the micropatterns, the 
number of cells in the cellular ring could vary. With the seeding density used, these 
cellular rings were frequently observed to be made up of four or five cells. Cellular rings 
made up of only four cells were observed to close the void in the ring in a similar manner 
as 5-cell rings (see Fig. 5.4.d.ii). Hence, a systematic study of the effect of cell number on 
contraction dynamics was also possible. Different micropattern designs were named 
based on these four parameters. For example, [G1600 A1000 5-cell Pentagon] patterns 
represented micropatterns designed for 5-cell pentagon–shaped cellular rings of void area 





Fig. 5.4. Contraction dynamics associated with cellular rings a) Plot showing contraction rates 
with fractional area of initial void. Linear fit for visualization purposes only. b) Plot showing 
how contraction rates changes with average cell area of constituent cells in the cellular rings. 
c) Possible physical parameters affecting contraction dynamics in cellular rings that could be 
varied with micropatterning. d) Phase images showing (i) square-shaped cellular ring and (ii) 
pentagon-shaped cellular ring with 4 cells. Schematics of micropatterns used are shown on the 
left of phase images in red. Scale bar depicts 50 μm. 
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5.3.2 Effect of initial cell size and cell number on contraction dynamics 
Void closure observed in single row cellular rings with a small number of cells lining the 
void region provide a unique opportunity to examine the effect of individual cells on 
global contraction dynamics associated with these cellular rings. Physical parameters 
such as the initial area of constituent cells in a cellular ring could be varied conveniently 
using micropatterning. A plot of contraction rates against average cell areas shown in Fig. 
5.4.b had given a first indication that average cell area could significantly impact 
contraction dynamics associated with these cellular rings. To probe the effect of initial 
cell area instead, [G1600 5-cell Pentagon] cellular rings made up of cells with initial area 
of 800 µm2 and 1000 µm2 before void closure were created. Their contraction rates and 
average cell areas were measured (number of ring patterns analysed, nA800 = 36, nA1000 = 
28) as the void was closed. An average value of the cell areas throughout the whole 
contraction process was calculated and this was used to represent the area regime where 
the contraction occurs. Cell areas generally varied within 200 µm2 of this average value. 
As expected, contraction in A800 rings occurred at a lower area regime averaged at 976 
µm2 (S.E.±6) compared to that of A1000 rings at 1241 µm2 (S.E.±7) as shown in Fig. 
5.5.a. At the same time, contractility in the cellular rings characterized by average 
contraction rate were observed to be significantly lower in A800 rings at 22.0 µm2/min 
(S.E.±0.7) as compared with A1000 rings at 26.4 µm2/min (S.E.±1.2) as shown in Fig. 
5.5.b. Furthermore, in a plot of contraction rate against void closure, the A1000 line 
characterizing changes in contraction rate with void closure clearly lie above the A800 
line in Fig. 5.5.c. These results strongly suggested that general contraction rate in cellular 






Taken together with results shown in Fig 5.4.b, changes in cell area was observed to have 
two opposing effect on contraction dynamics.  An increasing average cell area could 
decrease contraction rate as the contraction proceeds but a large initial cell area 
encourages higher contraction rate in general. Contraction in these cellular rings could be 
driven by the assembly and contraction of actomyosin rings lining the void region. 
However, the identity of any resisting forces that may prevent void closure had not been 
Fig. 5.5. Effect of initial cell area on contraction dynamics. a) Plot showing average cell area 
over the whole contraction process for different initial cell areas. b) Plot showing average 
contraction rates for different initial cell areas. c) Plot showing contraction rates with void 
closure. Data for rings with initial cell area of 800 μm2 (nA800 = 36) depicted in red and area of 
1000 μm2 (nA1000 = 28) depicted in blue. Linear fit for visualization purposes only. Error bars 
depict S.E. statistics. 
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well described. Intracellular contractility increased with cell size [172] and was similarly 
mediated by actomyosin tension. These intracellular forces were known to act towards 
the interior of the cell and could oppose further stretching of the cells with void closure. 
Cell stiffness was also positively correlated with cell size [173] which may make cellular 
rings increasingly more difficult to be stretched over the void region. These factors could 
act as a resisting force to actomyosin contraction and might account for the decreasing 
contraction rate observed when cell area increases with void closure. However, the 
degree at which each of these factors affect contraction dynamics may vary with the 
initial cell area. In fact, the results obtained suggested that these factors may affect 
contraction dynamics more significantly when initial cell areas are smaller. It had been 
previously reported that competition for G-actin could regulate the formation and 
development of various F-actin structures in fission yeast [186]. At small initial cell areas, 
levels of intracellular contractility and cell stiffness are low. As average cell area 
increases, these cellular properties could possibly increase with ease, mediated by an 
abundant pool of free actin, myosin and other required molecular resources. However, at 
large initial cell areas, most of these molecular resources were already involved the 
formation of stress fibers, cortical actin cables or cross-linked to these cytoskeletal 
networks and available free molecules may be scarce. Hence, it is conceivable that 
changes to intracellular contractility levels and cell stiffness may occurred at lower rates, 
leading to lower opposing forces to contraction and the higher contraction rates observed 
in general. 
 
To investigate the effect of constituent cell number on contraction dynamics associated 
with the cellular rings, [G1600 A1000 5-cell Pentagon] patterns with five cells (n5-cell = 28 
and [G1600 A800 5-cell Pentagon] patterns with four cells (n4-cell = 32) were investigated. 
This was because when four cells were seeded on patterns designed for five, the initial 
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cell area would be larger than expected. In the cellular rings created, contraction in 4-cell 
rings occurred at an area regime averaged at 1236 µm2 (S.E.±8) which is comparable to 
the regime of 5-cell rings at 1241 µm2 (S.E.±7) as shown in Fig. 5.6.a. This result showed 
that contraction in both 4 and 5 cell rings occurred in the same area regime and the effect 
of initial cell area would not affect the general contraction rates in these rings. 
Interestingly, average contraction rate were observed to be significantly lower in 4-cell 
rings at 20.6 µm2/min (S.E.±0.7) compared with 5-cell rings at 26.4 µm2/min (S.E.±1.2) 
as shown in Fig. 5.6.b. At the same time, in a plot of contraction rate against void closure, 
the 5-cell ring line clearly lies above the 4-cell ring line in Fig. 5.6.c. These results 
strongly suggested that general contraction rate in cellular ring increases with the 
constituent number of cells in the ring. As the void in a 5-cell ring closes, changes in the 
area of constituent cells were distributed among a larger number of cells compared to 4-
cell rings. In this way, 4-cell rings experienced a larger change in the average cell area 
compared to 5 cell rings for the same change in void area. For example, a 200 µm2 
decrease in void area would result in a 40 µm2 increase in the average cell area of 5-cell 
rings but a 50 µm2 change for 4-cell rings. As a larger increase in average cell area would 
result in a more significant drop in contraction rate, it was clear that contraction in 4-cell 






5.3.3 Effect of global void geometry on contraction dynamics 
Physical parameter of individual cells that made up cellular rings had been shown to exert 
a considerable influence on global contraction dynamics associated with these cellular 
rings. While global void geometry had already been investigated in several studies 
[41,187], these studies were conducted in confluent cell sheets with possible conflicting 
signals from cells located a few cellular rows away from the void region. Also, individual 
cell size and cell number were not kept constant which might influence the obtained 
Fig. 5.6. Effect of constituent cell number on contraction dynamics. a) Plot showing average 
cell area over the whole contraction process for different cell numbers. b) Plot showing 
average contraction rates for different cell numbers. c) Graph showing contraction rates with 
void closure. Data for 4-cell ring (n5-cell = 32) depicted in red and 5-cell ring (n5-cell = 28) are 
depicted in blue. Linear fit for visualization purposes only. Error bars depict S.E. statistics. 
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results.  Here, the influence of void size and shape on contraction dynamics was 
examined under highly controlled physical conditions. Contraction dynamics associated 
with [A1000 5-cell Pentagon] cellular rings with void area of 1000 µm2 (nG1000= 33), 
1600 µm2 (nG1600= 28) and 2200 µm2 (nG2200= 26) respectively were compared in 
experiments. Contraction in G1000 rings occurred at an area regime averaged at 1192 
µm2 (S.E.±4) which is slightly lower than the regime of G1600 rings at 1241 µm2 
(S.E.±7). At the same time, the area regime where contraction occurred in G1600 rings 
was also slightly lower compared to the regime associated with G2200 rings at 1318 µm2 
(S.E.±7). These results were shown in Fig. 5.7.a.  Average contraction rate were observed 
to be higher in G1600 rings at 26.4 µm2/min (S.E.±1.2) compared with G1000 rings at 
23.4 µm2/min (S.E.±0.8) while similar contraction rate of 26.5 µm2/min (S.E.±0.9) was 
found in G2200 rings (see Fig. 5.7.b.). Similar trends were also observed in a plot of 
contraction rate against void closure as shown in Fig. 5.7.c. Here, although there may be 
some difference in the initial cell area, it was considered small compared to that observed 
in Fig. 5.5 and its influence on contraction rate may be considered to be small compared 
to the observed differences in contraction rate. Hence, these results showed that a larger 
void area increases the average contraction rate only at low initial void areas.  
 
A previous study claimed that the constriction rate of the single cell cortical contractile 
ring (which was similarly powered by actomyosin forces) during cytokinesis varied 
proportionately to initial cell size [188]. The authors proposed a model which described 
contractile rings as a collection of smaller contractile unit of fixed size and contractile 
potential. A larger ring would therefore contain more of these units, allowing a faster rate 
of contraction. The results obtained from the void size experiments suggested that this 
model could also be possibly applicable to actomyosin-mediated closure of epithelial 
voids. However, the results also showed that this dependency of contraction rate on void 
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size was only restricted to low void sizes. Possibly, this could be due to limited 




To investigate the effect of initial void shape on contraction dynamics, the contractility 
associated with [G1600 A800 5-cell Pentagon] cellular rings (npentagon = 36) and [G1200 
A800 4-cell Square] cellular rings (nsquare = 36) were characterized. Due to the 
arrangement of the micropatterns, square cellular rings were formed around square voids 
Fig. 5.7. Effect of void size on contraction dynamics. a) Plot showing average cell area 
over the whole contraction process for different void sizes. b) Plot showing average 
contraction rates for different void sizes. c) Plot showing contraction rates with void 
closure. Data for G1000 rings (nG1000= 33) depicted in red, G1600 rings (nG1600= 28) 
depicted in blue and G2200 rings (nG2200= 26) depicted in green. Linear fit for 
visualization purposes only. Error bars depict S.E. statistics. 
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while pentagon cellular rings surrounded pentagon voids before void closure sets in. As 
the square rings were made up of only 4 micropatterns, geometry restrictions allowed a 
maximum initial cell area of 1200 µm2 to be designed in these rings. Contraction in 
square rings occurred at an area regime averaged at 1097 µm2 (S.E.±6) which was only 
slightly higher compared to the regime of pentagon rings at 976 µm2 (S.E.±6) as shown in 
Fig. 5.8.a. An average contraction rate of 21.3 µm2/min (S.E.±0.7) in square rings were 
observed to be comparable to pentagon rings at 22.0 µm2/min (S.E.±0.7) (see Fig. 5.7.b.)  
 
 
Fig. 5.8. Effect of initial void shape on contraction dynamics. Initial void shapes were 
dependent on cellular ring shapes. a) Plot showing average cell area over the whole 
contraction process for different ring shapes. b) Plot showing average contraction rates for 
different ring shapes. c) Plot showing contraction rates with void closure. Data for square 
rings (nsquare = 36) depicted in red and pentagon rings (npentagon = 36) depicted in blue. Linear 




while similar trends were also observed in a plot of contraction rate against void closure 
as shown in Fig. 5.8.c. To understand these results, it should be noted that even though 
void closure in the square ring occurred at a slightly higher area regime which would lead 
to higher contraction rates, it also has a lower cell number and void area compared to 
pentagon rings. A simple comparison of results obtained earlier in the chapter would 
suggest that the combined effect of lower cell number and void area in lowering general 
contraction rates would dominate. Hence, when all other physical conditions are held 
constant, a void that has an initial square shape would close faster than a pentagon one. 
 
To explain this finding, it was noted that cells lining a square void had highly concave 
curvatures at the corner of the void (90° corners) while cells lining a pentagon void (108° 
corners) had less concave curvatures. Previous studies have shown that cells with 
concave curvatures encourage void closure by purse string-mediated contraction as 
opposed to straight or convex cell edges [189]. Hence, a more effective actomyosin ring 
could possibly be assembled in cells with highly concave curvatures, raising the general 
contraction rates. An indication of this possibility was the observed preference of cells to 
populate the corner of square rings as shown in Fig. 5.4.d.i.  
 
To further verify that ring contractions were more effective in cells with highly concave 
curvatures, void closure of a 6-cell ring with an elliptical void were tracked as shown in 
Fig. 5.9. Cells were initially seeded on micropatterns arranged in a 6-sided polygonal 
shape as shown in the bottom left corner of Fig 5.9.  Here, cells were also observed to 
populate the corners of the polygon.  The four cells with highly concave curvature lining 
the elliptical void were found at the top and bottom of the ellipse. The edges of the initial 
void were highlighted in black. At the 10 min and 15 min time points, observable void 
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closure were only observed at the top and bottom of the elliptical cellular ring, similar to 
the location of the cells with highly concave curvatures. The two other cells in the center 
of the cellular ring remained relatively unchanged. At the 20 min mark, uneven localized 
contractions had transformed the elliptical void into a more circular shape and a 
repositioning of the void was observed at the 25 min mark. After which, the circular void 
closed symmetrically. Here, it had been shown that an uneven distribution of contractile 
forces at the inner edge of the cellular ring due to void shape could possibly act to 
balance itself out and is consistent with the rounding of unevenly shaped voids observed 
in confluent cell sheets in studies by other groups [187].  
 
 
Fig. 5.9. Time-lapse phase images showing void closure in 6-cell elliptical ring. Edges of the 
initial void highlighted in black. Arrangement of micropatterns used shown in red at the 




In this chapter, an in vitro experimental system to study the dynamics of actomyosin ring 
contractions was introduced. Cell adhesive micropatterns were arranged in a ring 
configuration allowing the formation of a cellular ring comprising a single row of 4-6 
cells.  In this way, actomyosin-mediation contractions to close the void at the center of 
the cellular ring could be studied without conflicting signals from cell proliferation or cell 
rearrangement which are unrelated to forces generated by constituent cells. Using this 
novel in vitro experimental system, the influence of individual cell geometry/number as 
well as cell arrangement in the ring (global void geometry) on the contraction dynamics 
of actomyosin rings was investigated.  Actomyosin mediated contraction of the cellular 
ring was found to increase with initial cell area and the number of cells forming the ring. 
Cell arrangement in the ring (global void geometry) was also found to significantly 
influence the contraction of the cellular ring. Contraction rates were found to be higher 
on rings with larger void region (only at small void sizes) and also in voids with highly 
concave curvatures (e.g. a square-shaped void compared to a pentagon shaped void). 
These results could be explained based on actomyosin-mediated contractility in the cells 
and the contractile ring and supported by results from previous studies. Although the 
physical rules uncovered in this chapter were simplistic and general, it showed that the 
single-row cellular rings could be an attractive in vitro experimental system to study the 
physical parameters governing void closures without conflicting signals from cell 























In this thesis, clusters of micropatterns have been used successfully to demonstrate how 
the size, shape and arrangement of individual cells in close proximity would regulate cell 
rearrangement and epithelial void closure and are force-mediated.  Some basic physical 
principles governing these multi-cellular dynamics had been revealed. The rotational 
dynamics of 2-cell systems on bow-tie patterns can be described by a force-mediated 
mechanism involving an interplay between driving forces of rotations and resisting forces 
against rotations. Basic physical parameters that affect actomyosin-mediated contraction 
in 4- to 6- cell cellular rings had also been established without conflicting signals from 
cell rearrangement and proliferation which are unrelated to forces generated by 
constituent cells. Although the size and shape of cells had been used routinely to study 
the behavior of single cells, these experiments are one of the first attempts to correlate 
global dynamics of cell clusters with the contributions from individual cells. 
 
In the abovementioned studies, although experiments on micropattern clusters were 
successfully conducted, the process could be tedious and inefficient.  A cell positioning 
platform that allowed single cells to be positioned on fibronectin micropatterns in a 
controlled manner was also developed. This platform made use of an array of sieve-like 
traps in a microfluidic channel to capture and position cells efficiently over adhesive 
proteins patterned on a coverslip. Fabrication of the microchannel could be achieved 
easily using soft-lithography from a silicon mold made from a straightforward one-step 
fabrication process. By using computational fluid dynamics to model fluid flow, cup-
shaped and trident-shaped traps flanked by side pillars were designed to allow cells to be 
trapped either close together or far apart. This flexibility in trapping positions would 
enable the platform to be compatible with a wide variety of micropattern configurations. 
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When compared to random seeding, a 4-fold improvement in efficiency was achieved 
when the platform was used to position paired cells on bowtie patterns and a highly 
significant 40-fold improvement could be achieved for 6 cells arranged in a ring. The 
viability of these positioned cells was also found to be similar to randomly seeded cells. 
After cells were well adhered on the micropatterns, the microchannel could be removed, 
facilitating high resolution imaging and subsequent manipulation of positioned cells. 
 
Rotation dynamics of a 2-cell system confined in bow-tie shaped micropatterns of 
different geometries was examined. From the experimental results, the single cell area 
and the cell-cell contact length had been shown to be important parameters that could 
influence the rotation potential of cell pairs. Cell shape asymmetry had also been 
implicated in affecting rotation direction and overall rotation bias. In experiments 
involving bowtie patterns with different distribution of ECM and when cell pairs were 
treated with Y27632, changes in rotation potential were amplified in patterns where cell 
area was small or where contact length was long. Treatment of cell pairs with ML7 
yielded very different results where the effect of the drug treatment did not appear to vary 
with pattern geometries. These observations could be explained using a proposed 
mechanism where cell pair rotations could be regulated by an interplay between forces 
driving the rotation and resisting forces opposing it. Driving forces involve both cell-cell 
forces and the length of cell-cell contact which are thought to be coupled in a rotational 
moment while focal adhesion density and cell stiffness may account for the resisting 
forces. Principles governing cell pair rotations were also found to dictate cell 
rearrangements in 3-cell clusters seeded on large circular patterns. 
 
Actomyosin-mediated contraction dynamics associated with cellular rings formed from a 
single row of 4-6 cells was examined. The results suggest that both the physical 
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parameter of individual cells and cell arrangement in the ring (global void geometry) 
exert considerable influence on contraction dynamics associated with these cellular rings. 
Although in vivo void closure by actomyosin contraction typically involved a large 
number of cells, these singe row cellular rings could be attractive as in vitro models to 
isolate the contribution of cells lining the void. Confounding signals which are unrelated 
to forces generated by constituent cells such as the shuffling of cells towards and away 
from the void region was removed and the force-mediated mechanisms governing the 
behavior of cells lining the void could be examined in greater details. 
 
In summary, designing micropatterns in a cluster can be useful to set up in vitro model 
systems to study the contribution of individual cell geometry, adhesion and arrangement 
to global behaviour of cell clusters in detail. The efficient use of these micropattern 
clusters in experiments could also be facilitated with a cell positioning platform which 
had been shown to efficiently position viable cells on the micropatterns. To demonstrate 
the utility of these micropattern clusters in biological studies, multi-cellular dynamics of 
2-cell systems on bow-tie patterns, 3-cell systems on circular pattern and 4- to 6-cell 
systems on ring-shaped micropattern clusters had been investigated in this thesis. 
 
6.2 Future work 
This thesis has laid the groundwork for designing and using clusters of single cell 
micropattern for studying multi-cellular dynamics. The development of the cell 
positioning platform also holds much potential as a useful tool for engineering highly 
sophisticated cell clusters. Further work could be carried out based on the results 
discussed in this thesis and the directions for these possible researches are briefly 




In Chapter 3, seamless integration of cup-shaped and trident-shaped traps have been 
shown when trapping cells in a micropattern ring. This ease of integrating different trap 
types in the microfluidic channel could open up many exciting opportunities for creating 
highly complex cell clusters. For example, a myosin knock-down cell could be easily 
positioned in a ring configuration with 5 other wild type cells and this cell cluster could 
show very interesting contraction dynamics. The use of sieve like traps in the platform 
design also allows platform variants to be easily developed. For example, a pair of cells 
trapped using the trident shaped trap could be allowed to spread fully underneath the trap 
without removing the microchannel. The half-elliptical structure in the trident shaped 
traps could be extended to a full ellipse to act as an effective physical barrier to prevent 
cell-cell adhesion between the fully spread cells.  Formation of cell-cell contact could 
only be initiated when the microchannel is removed. In this way, cellular events at the 
initial stages of cell-cell adhesion may be examined in a high throughput manner. 
 
In Chapter 4, a mechanism outlining the governing principles for cell pair rotation has 
been described. As the work in this thesis was focused on examining physical parameters, 
more biologically involved investigations could be carried out in the future. For example, 
protein knock-down experiments could be carried out to identify the main cell-cell 
adhesion molecules that are responsible for the transmission of cell-cell forces. 
Innovative imaging methods could be employed to confirm that these molecules are 
indeed concentrated at the periphery of the cell-cell contact. Also, since the 3-cell system 
on circular pattern was able to recreate a simplified version of cell intercalation in a high 
throughput manner, it could be useful as a simple in vitro model for identifying active 




In Chapter 5, physical parameters of individual cells and global void geometry had been 
shown to exert considerable influence on contraction dynamics associated with these 
cellular rings. A similar contraction observed in a row of cells arranged in a horseshoe-
shape was only briefly mentioned in the chapter but this result could be further examined 
to unravel the origin of actomyosin-mediated contractions.  
 
Besides multi-cellular dynamics, other biologically relevant studies could also be carried 
out using micropattern clusters. For example, positioning of organelles such as the 
nucleus or centrosomes in a cell had been shown to be dependent on the presence of 
neighboring cells in its vicinity [90,118]. Exactly how these neighboring cells orientate 
organelle positioning needs to be examined further. By controlling the exact position of 
cell neighbors with carefully designed micropattern clusters, an efficient experimental 
platform could be developed for this purpose. For example, the centrosomes tend to be 
positioned away from the cell-cell contact for a cell pair on a bow-tie pattern [90].  If a 
cell is sandwiched between two other cells, does the positioning of its centrosomes return 
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